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New coproducts are continually developed in the ethanol production industry. 
With that, the new product originates from the dry milling process which is unlike the 
traditional process as nitrogenous based particles are concentrated from the residual fiber 
by sieving post fermentation. Although high protein coproducts have been available since 
the mid 2000’s. These new products must be evaluated for chemical composition so that 
they can be accurately described in feed libraries that are used in commercial ration 
formulation software. While chemical composition provides us an initial and useful 
description of a feed product, in vivo nitrogen and energy balance studies are needed to 
examine the utilization and efficiency of converting the nutrients within a given feed 
product to milk. Therefore, it is integral to analyze both components for accurate and 
effective ration formulation in the field. 
The first experiment analyzed 10 samples of a new high protein coproduct that 
were obtained from a singular production site over one months period for chemical 
composition and nutrient availability. Samples were analyzed for DM, CP, Soluble CP, 
ADICP, NDICP, ADF, aNDF, lignin, EE, sugar, starch, minerals, amino acids, and fatty 
acids. Also, aNDF was determined for the samples by 3 different commercial fiber 
systems including refluxing method, bagged sample method, and a confined refluxing 
and filtering method. For nutrient availability, RUP was determined with in situ and 
mobile procedures and NDF digestibility at 24, 30, 48, and 240 h. Total tract NDF 
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digestibility was also estimated. Results suggest that the new high protein coproduct 
contains increased concentration of protein and lysine and reduced fiber when compared 
to a traditional DDGS. 
 The second experiment utilized twelve multiparous lactating Jersey cattle in a 
triplicated 4 × 4 Latin square design. Animals were assigned to 4 different treatments 
diets with increasing inclusion from 0 % to 8 % of the new high protein coproduct 
replacing non-enzymatically browned soybean meal. The experiment aims to test the 
effects of formulation of the new product as well as quantify the whole animal energy 
and nitrogen balance. Results indicate that increasing inclusion of the new high protein 
coproduct increased dietary fatty acids. However, it had no effect nutrient digestibility. 
The utilization of energy for NEL increased with increasing inclusion of the HPCoP with 
subsequent increases in milk fat production. Results indicate that the new high protein 
coproduct is able to effectively replace non-enzymatically browned soybean meal in 
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The global population is expected to increase to 9.7 billion by 2050 with a projected 
growth of milk production to 1,020 metric megaton by 2030 (United Nations, 2019; 
Patterson, 2021). Due to a unique gastrointestinal tract, ruminants convert fibrous human-
inedible inputs and produce high value human-edible outputs, namely milk and meat 
(Karlsson et al., 2018). Milk production alone provides sufficient energy, protein and 
calcium to meet the annual nutritional needs of 71, 169, and 245 million people, 
respectively (Liebe et al., 2020). Although in the current system, dairy cattle contribute 
markedly to global production of protein, their nitrogen use efficiency averages 25 % 
(Huhtanen and Hristov, 2009). Therefore, dairy cattle are considered poor nitrogen 
utilizers when compared to other livestock species including swine and poultry with 
nitrogen use efficiencies of approximately 35 % (Kohn et al., 2005) and 60 %, 
respectively (Belloir et al., 2017). However, due to advancements in our understanding of 
nitrogen utilization in the last 10 years, dairy diets may be balanced to increase average 
nitrogen use efficiency from 25% to 30% (Huhtanen and Hristov, 2009; LaPierre et al., 
2019). In accordance with protein, milk energy accounts for 22 – 34 % of gross energy 
consumed (Morris, 2020). The energetic efficiency of milk production accounts for 
approximately ¼ of gross energy consumed while ¾ are associated with losses in the 
feces, urine, and heat production of the animal. Producers rely on the energetic 
conversion of feed to milk to produce profit, as such it is estimated dairy farms in the 
United States need to contain 686 lactating animals producing on average 10,730 kg to 
produce a profit (USDA, 2020). Accordingly, the average dairy cow across breeds in the 
United States is projected to produce 10,783 kg of milk in 2020 and 10,893 kg in 2021 
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which ultimately limits the profitability of dairy operations (Cessna and Teran, 2021). 
Due to narrow margins and increasing feed costs the use of ethanol coproducts provide an 
economic advantage due to the reduced cost compared to traditional protein and fiber 
sources (Bradford and Mullins, 2012). However, coproducts are created from corn-
ethanol production, and they contain variable feed chemical composition which must first 
be defined prior to utilization in ration formulation.  
 In the past 10 years high protein coproducts have predominantly been produced 
through methods of pre-fractionization of the corn grain (Hubbard et al., 2009; Christen 
et al., 2010). Recently, technology has focused on isolating protein subsequent 
fermentation. This innovation expands coproduct production and increases the 
marketability of a product as energy and metabolizable protein account for 90% of ration 
formulation costs in lactating dairy rations (Tebbe, 2020). Consequently, resulting feed 
products have yet to be extensively evaluated. This is important if they are to be 
accurately characterized in commercial feed libraries for further utilization by 
nutritionists in dairy rations. 
While chemical composition provides us an initial understanding of a feed product, in 
vivo nitrogen and whole animal energy balance studies are needed to comprehensively 
understand the efficiency of converting the nutrients within a given feed product to milk. 
Overall, a feedstuffs effectiveness of converting gross energy to net energy of lactation 
(NEL) is a reflection of the products chemical composition and subsequent interaction 
with other dietary ingredients (Weiss and Tebbe, 2019). To the producer, the cost 
associated with dietary NEL is $ 0.16/Mcal (Tebbe, 2020). This translates into $ 474 per d 
for a 100 head of lactating Jersey cattle (weighing 450 kg and producing 33 kg of energy 
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corrected milk (ECM)(Morris, 2020). Since NEL represents a large cost to dairy 
producers, controlled feeding experiments testing different formulation strategies are 
needed to determine the energetic utilization of new feed ingredients which when coupled 
with the improvements of genetics and animal management strategies, maximize animal 
production. 
To date, studies have effectively characterized high protein coproducts (HPCoP) 
through the feed evaluation system. However, data is limited on the chemical 
composition and animal utilization of an emerging HPCoP produced from protein capture 
subsequent fermentation. Therefore, the objectives of these experiments were to 1) create 
a detailed description chemical composition for the new HPCoP for use in commercial 
ration formulation software and to 2) examine the effects of increasing inclusion the new 
HPCoP while replacing non-enzymatically browned soybean meal on whole animal 















Earliest mention of the use of the dry milling process describes the revolving 
stone mill in the early 1600’s (Hardeman, 1983). At the most simplistic level, the milling 
process transforms whole grains into forms which are utilizable for conversion into 
palatable food products (Rosentrater and Evers, 2018). Over time, use of dry milling in 
flour mills has expanded into industrialized ethanol production. This has in part occurred 
due to increasing demand of fuel grade ethanol and subsequent utilization of coproducts 
by the feed industry.  
Dry Corn Milling 
The usage of dry milling in ethanol production seeks to expose starch in the corn 
kernel so that through enzymatic reactions it may be converted to glucose and then 
fermented by yeast to ultimately yield ethanol. Dry grind ethanol production occurs in 
five steps these include grinding, cooking, liquefaction, saccharification and fermentation 
(Bothast and Schlicher, 2005). The process begins as whole corn kernels are ground with 
a hammer or roller mill so that the particle size is reduced, and starch trapped within the 
endosperm is exposed. The ground corn is then mixed with water and thermostable α-
amylase to a mash (Murthy et al., 2006). Mash is then cooked in a two-part system, 
where the temperature is increased from approximately 80- 85º C to 104- 107º C in high 
pressure jet cookers (Singh et al., 2010). Jet cookers enable the application of heat and 
mechanical shear to break apart the insoluble, partially crystalline endosperm and allows 
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for preliminary starch degradation via the thermostable α-amylase. During liquefaction 
temperature is maintained at 80-85º C and the addition of α-amylase separates long chain 
sugars such as dextrose into sugar monomers. Finally, during saccharification, 
glucoamylase enzyme is used to aid in the conversion of starch to glucose throughout 
fermentation. Glucose is the primary energy source for yeast cells driving glycolysis and 
ATP production. However, from glycolysis, pyruvate degrades enzymatically by 
pyruvate decarboxylase and alcohol dehydrogenase creating ethanol and CO2. Therefore, 
with the addition of Saccharomyces cerevisiae and supplemental fermentation aids such 
as antibiotics, protease enzymes, yeast nutrients, and nitrogen ethanol production 
proceeds (Singh et al., 2001; Bothast and Schlicher, 2005).  
The process of ethanol extraction begins after fermentation has occurred over a 
48-to-72-hour period. The concentration of ethanol in the fermentation vessel needs 
purified from 14-20 % ethanol to 95 % at the end of distillation for industrial utilization 
(Kumar and Singh, 2019). After removal of ethanol and CO2, whole stillage flows from 
the fermentation vessel and the coarse ground solids or coproducts, known as wet 
distillers grains, are separated from the liquid via centrifugation. On average wet distillers 
grains contain 31 % DM and can be further dried to create modified distillers grains at 48 
% DM or dried distillers grains at 90 % DM (NASEM, 2016). The liquid fraction, or thin 
stillage, is be dried and condensed into solubles. The soluble fraction can then be added 
back to create modified (MDGS) or dried distillers grains with solubles (DDGS). 
Although in dry milling, ethanol production is the primary goal, use of coproducts as 
animal feed contributes to the economic sustainability of the corn-ethanol industry. 
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Corn Milling Coproduct Production 
Distillers grains are a byproduct of the production of ethanol by fuel industry and 
such coproducts are not the main source of revenue for a dry milling plant. However, 
ethanol byproduct utilization contributes to the sustainability of food production as only 1 
to 3 % of energy efficiency is lost in the conversion of crops into biofuels and animal 
feed products (Shurson, 2017). Interestingly, the population is predicted to reach 9 billion 
by 2050, and the Unites States alone creates 32 to 93 million metric tons of food waste. 
Therefore, the utilization of coproducts in animal nutrition mitigates food loss of a 
valuable feed product (Chatzifragkou et al., 2015; Bellemare et al., 2017). In current 
ethanol production systems, ethanol represents 1/3 of the final mass while the remaining 
2/3 is made up of spent grains and CO2 (Hall and Kononoff, 2002; Roth et al., 2019). 
Over time biorefineries have evolved to produce fiber, syrup, oil, and protein 
supplement from fractionation of corn grain. One of the first innovations to occur in the 
ethanol industry was the centrifugation and separation of corn oil from thin stillage. 
Overall, advances in corn oil separation and production have been widely implemented in 
the ethanol industry, as 85 % plants in the United States currently utilize a form of corn 
oil separation (Kumar and Singh, 2019). When corn oil is removed from the thin stillage 
the oil content of DDGS is reduced 8-12 % to approximately 4-8 % (Reis et al., 2017). 
Corn oil is feedstuff which could be highly valuable to increase energy density in 
ruminant rations. However, extracted corn oil contains a majority of the oil as unsaturated 
fatty acids and these may have the capability to alter rumen biohydrogenation (Jenkins, 
1993; Bauman and Griinari, 2003). The alteration produces intermediates such as trans-
10 cis-12 CLA which have the capacity to inhibit de novo synthesis of milk fat in the 
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mammary gland (Baumgard et al., 2002). However, this interaction of oil and rumen 
biohydrogenation is complex as early data saw no difference in milk fat production with 
the use of corn oil in ad libitum forage fed animals (Sutton et al., 1932). This concept was 
further by Griinari et al. (1998) who observed that milk fat depression occurred when 40 
g/kg corn oil was fed with a dietary NDF content of 14.8 % but was mitigated at 32.1% 
NDF. Similar, Leonardi et al. (2005) found that milk fat yield and percentage were not 
statistically different when corn oil was fed at 1.5 % dietary DM and NDF was 
maintained at 27.8 %. Despite these findings, hesitancy has surrounded the utilization of 
corn oil to increase energy density in dairy rations. However, the byproduct of corn oil 
extraction has sparked interest in the dairy community. 
Another facet related to the reduction of oil in distillers grains has been the 
production of reduced fat distillers grains (RFDDGS). In dairy rations when RFDDGS 
were fed at 30 % of dietary DM, RFDDGS inclusion was found to support or increase 
DMI and milk yield in mid lactation cattle (Mjoun et al., 2010b; Foth et al., 2015; 
Ramirez-Ramirez et al., 2016). However, milk component values have been variable 
depending upon how RFDDGS were utilized in ration formulation.  
When replacing soybean meal completely and ground corn partially, a 29 % 
inclusion of RFDDGS decreased milk protein percent but had no effect on other 
components (Foth et al., 2015). Similarly, when RFDDGS replaced ground corn, soybean 
meal and non-enzymatically browned soybean meal at 10 % and 20 %, an increase in 
milk protein percent was observed with a subsequent decrease in milk protein at 30 % 
inclusion (Mjoun et al., 2010b). It was suggested in both these experiments that the 
decrease in milk protein was due to the low concentration of lysine in the RFDDGS (Paz 
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and Kononoff, 2014). However, in the experiment by Mjoun et al. (2010b) an effect of 
increased milk fat concentration and percentage was observed. Nonetheless, Mjoun et al. 
(2010b) utilized increasing inclusion of rumen inert fats (RIF) containing 85 % saturated 
fatty acids in conjecture with increasing inclusion of RFDDGS, likely contributing to the 
linear increase in milk fat content across treatments. However, the milk fat response 
could not be directly attributed to either the RFDDGS or the RIF. Additional exploration 
was described comparing DDGS to RFDGS as well as a RFDGS combined with a RIF 
(Ramirez-Ramirez et al., 2016). These investigators observed that treatments including 
RFDGS as well as RFDGS and RIF simulated milk fat synthesis independently 
potentially due to increased energy content (Foth et al., 2015). These data suggested that 
the fat contained in RFDGS may be at least partially protected by the germ or associated 
with the fiber fraction (Abdelqader et al., 2009). Indicating RFDDGS could effectively be 
utilized in dairy diet formulation similar to other high protein products. 
The use of modern technology for corn oil fractionization and RFDDGS 
production has led to further innovations in the coproduct production sector of the 
ethanol industry. Since the mid 2000’s high protein distillers grains (HPCoP) have been 
produced to create a feed product for the ruminant, pet food, and aquaculture industry. 
However, HPCoPs are produced through various methods of ethanol production 
including, prefractionation of the corn grain and post-fractionation of the spent grains. Of 
these methods, one of the earliest high protein distillers grains was created as a result of 
hexane extraction of corn oil which modestly increased the protein content of DDGS to 
approximately 35 % CP (Mjoun et al., 2010a; Morris et al., 2018). During this time, 
HPCoP were also created through the fractionation of the germ, bran, and endosperm 
10 
 
prior to fermentation. Pre-fermentation fractionization increased ethanol yield and 
resulted in a feed byproduct containing approximately 45 % CP (Singh et al., 2005; 
Hubbard et al., 2009; Christen et al., 2010). Fractionization subsequent fermentation 
through sieving and elutriation has created products which contain approximately 40 % 
(Srinivasan et al., 2005). With cellulosic ethanol production producing HPCoP containing 
50 % CP (Kim et al., 2008). Therefore, recently ethanol producers have combined 
technologies to produce novel HPCoPs with increased protein content of approximately 
56 % CP (Brown and Bradford, 2020). Consequently, the definition of high protein 
distillers grains includes a wide range of products of varying chemical composition which 
have yet to be defined by AAFCO or in a commercial feed library.  
While the data are limited, four studies have explored the use of high protein 
coproducts versus other high protein feedstuffs when fed to lactating dairy cattle. In three 
experiments, HPCoPs were included from 12-20 % DM and dry matter intake and milk 
production were maintained relative to a soybean meal and non-enzymatically browned 
soybean meal control (Hubbard et al., 2009; Kelzer et al., 2009; Christen et al., 2010). 
Alternatively, in the experiment of Brown and Bradford (2020) testing a novel HPCoP at 
9.4 % dietary DM investigators observed a decrease protein digestibility and DMI 
resulting in a decrease in milk yield and milk protein concentration. Although milk 
protein percentage decreased milk fat percentage was maintained and this was similar to 
other experiments (Kelzer et al., 2009; Christen et al., 2010; Brown and Bradford, 
2020b). Similarly, Hubbard et al. (2009) observed that when feeding a diet containing 20 
% HPCoP resulting from the removal of bran prior to fermentation an increase in milk fat 
yield was observed. The authors proposed that the increase in milk fat may be a result of 
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increased fat content in the product, however there were no further explorations of energy 
or nitrogen utilization. Between the Hubbard et. al (2009) experiment and that of Brown 
and Bradford (2020) there was a difference of 10 % CP between the products which were 
both consider HPCoPs (46 % CP vs 56 % CP). As a result, coproducts are important to 
the advancement of the biofuel industry; but accurate and defined nutrient 
characterization needs to be completed on new products for them to be effectively 
utilized in ration formulation. 
Nutrient Characterization of Feedstuffs 
 The essential criterion of any feed evaluation system is the ability to predict 
animal responses based on the nutrient characterization and inclusion of the feedstuffs 
within a given ration. The goal of chemical composition analysis is to create accurate and 
reproducible values with expense and time in mind for the laboratory. Since 1809, 
producers have tried to characterize their feeds and predict the resulting effects on animal 
performance (Flatt et al., 1967). However, variability occurs in feed production 
processes, nutritive assays, and modeling tools which limit our ability to predict the 
productive responses of the animal. Since nutrient characterization continues to evolve, 
these limitations have bolstered interest in the effective creation of feed characterization 
outputs which represent the nutrient profile of a given feedstuff. 
Book Values 
The term “book values” arises as a slang term for utilizing the feed 
characterization values of a given feedstuff from a feed library or database. Book values 
are a comparative tool originating from “hay values” utilized in the 1800’s to compare 
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any forage to what was referred to as “good quality meadow hay” (Flatt et al., 1967). 
Today, book values are derived from the proximate analysis of a large number of 
submitted samples from commercial laboratories, literature data, other NRC publications, 
or unpublished data (NRC, 2001). As a result, book values are valuable estimates that 
allow nutritionist to formulate diets prior to feed analysis. However, when assessing 
whether to use book values for feedstuffs in diet formulation, one must recognize the 
contributing factors which affect the chemical composition of the feedstuff.  
Variation in characterization of a feed can occur due to plant genetics, 
environment, soil, and manufacturing techniques (Weiss and St-Pierre, 2009). Overall 
differences from farm-to-farm accounts for 70-90 % of total nutrient variation across 
concentrates and forages (St-Pierre and Weiss, 2015). However, a portion can also be due 
to analytical variance as well as sampling techniques (Weiss and St-Pierre, 2007). When 
analyzing forages St. Pierre and Weiss (2015) determined daily differences in chemical 
composition for haycrop and corn silages only accounted for 20–60 % of within farm 
variance with 40–80 % being attributed to analytical variation and sampling practices. 
Interestingly, in the same experiment monthly changes in chemical comprised 50-90 % of 
within farm variation with 10-40 % occurring in part to analytical and sampling variation. 
Indicating that sampling and analytical variation may play a substantial role in the 
differences between chemical composition from day to day and month to month. This 
indicates the need for duplicate samples and averaging across both timeframes. Since 
forages are produced in environments specific to a singular farm setting, data should be 
taken on farm and summarized. Similarly, care should be taken in analytical and 
sampling practices for effective diet formulation (Table 1.1).  
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For other common feed ingredients commodity prevalence, manufacturing, and 
ability to effectively subsample determine the need for on farm values (St-Pierre and 
Weiss, 2015). Overall dry corn and soybean are national commodities and as a result are 
well represented in feed library values with lower standard deviations when compared to 
forages and byproduct feeds (Table 1.2). Wet byproducts contain greater variance as 
obtaining a representative sample of a wet feed is inherently more difficult than a dry. 
However, variability in the nutrient composition of DDGS have be outlined in the 
literature but the current data does not separate the variation which occurs through 
sampling and lab analysis from that of the feedstuff (Spiehs et al., 2002; Belyea, 2004). 
As a result, if the DDGS are purchased as a pure commodity from an unknown plant, the 
use of book values are favorable for ration formulation. If the plant is known using the 
summarized values from the specific plant may be warranted. Therefore, book values are 
a valuable input in diet formulation prior to analysis for forages and wet byproducts. 
However, book values may be directly utilized for national commodities and DDGS of 
unknown origin. 
Crude Protein 
In diet formulation, protein is one of the limiting factors to dairy cattle 
production. This limitation occurs as protein interacts with energy derived from 
carbohydrates to increase microbial crude protein production, carbohydrate digestion, and 
subsequent amino acid absorption. Feedstuffs contain a wide variety of structural, 
storage, catalytic, transport, and contractile proteins (NRC, 2001). All of which differ in 
physical characteristics including 3-d structure, inter and intra molecular bonding, amino 
acid composition, and inert barriers (Schwab et al., 2003). Although there are large 
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structural variations in proteins, they are all described as the proximate nutrient crude 
protein (CP) in the feed library. Crude protein refers directly to the nitrogen content of 
the feedstuff multiplied by a factor of 6.25. However, the factor comes under scrutiny as 
it assumes protein typically found in animal feedstuffs contain on average 16 % nitrogen 
per 100 g of true protein. As such, feed protein is a function of the amino acid and non-
alpha amino nitrogen content of the feedstuff and may not be accurately characterized 
through the use of 16 % N (Mariotti et al., 2008). However, the ruminant animal utilizes 
protein heterogeneously and relies on both microbial and endogenous enzymatic 
degradation. Based on the differences in location and type of digestion crude protein is 
further divided into fractions in the NRC (2001) including non-protein nitrogen (NPN; 
A), true protein (B), and unavailable protein (C). Furthermore, the NRC (2001) model 
divides the A, B, and C fractions into two pools, being namely, rumen degradable protein 
(RDP) and rumen undegradable protein (RUP) (Schwab et al., 2003). Rumen 
undegradable protein includes the sum of non-protein nitrogen plus the digestible true 
protein fraction. Whereas rumen undegradable protein is calculated by difference and 
depends on accurate characterization of the RDP fraction. For post absorptive amino 
acids, metabolizable protein (MP) and scurf originates from the microbial crude protein 
created from RDP and the feed protein which has escaped ruminal digestion; both of 
which are degraded in the small intestine directly supplying amino acids to peripheral 
tissue and the blood pool (Burroughs et al., 1975).  
Another ration formulation software, The Cornel Net Carbohydrate and Protein 
System (CNCPS) v6.5 aims to effectively characterize the protein fraction differently 
than that of the NRC (2001). The new version of CNCPS recharacterized the protein 
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fraction and shifted away from the utilization of NPN to ammonia nitrogen (A1) due to 
the amino acid content of the peptides within the NPN fraction (Higgs et al., 2015; Van 
Amburgh et al., 2015). This re-characterization caused a shift of a large proportion of 
protein from A1 to the soluble true protein (PA2) fraction by limiting the definition A1 
solely to ammonia N. Protein which is not highly degradable in the rumen is denoted as 
with a “B” including moderately degradable protein (B1) and slowly degradable protein 
which is bound to NDF (B2) . Finally indigestible protein is a function of the acid 
detergent insoluble crude protein (ADICP) within the given feedstuff (C; Table 1.3; Van 
Amburgh et al., 2015).  
Soluble Protein  
Soluble protein contains proteins which can be degraded in the rumen which aid 
in supplying nitrogen to the rumen microbial population for MCP synthesis but contribute 
little to the amino acid requirements of the animal. Since soluble proteins are rapidly 
degradable in the rumen, early efforts in laboratory analysis led to buffers which 
mimicked the rumen pH (NRC, 2001). However, these solvent systems had unstable pH, 
rumen fluid as a reagent, or enzyme reagent limitations rendering the methods variable in 
the laboratory environment (Wohlt et al., 1973; Crooker et al., 1978; Waldo and Goering, 
1979). To solve the pH variability, the procedure was modified to include a pH stable 
bicarbonate-phosphate buffer and was later updated to differentiate the NPN and true 
protein fraction with a subsequent precipitation with trichloroacetic acid (TCA) 
(Krishnamoorthy et al., 1982; NRC, 2001). As such, HPCoP from pre-fermentation 
fractionization have been found to have 7 % soluble protein on a DM basis contributing 
16 
 
to a smaller soluble protein fraction when compared to an average of 19 % soluble 
protein in DDGS (Kelzer et al., 2010).  
Non-protein Nitrogen 
 Non-protein nitrogen composes the A fraction in modeling scenarios in the NRC 
due to immediate solubilization by rumen microbes (Ørskov, 1982). Non-protein nitrogen 
contains smaller compounds which include peptides, free AA, nitrate, ammonia, amides, 
and amines (Schwab et al., 2003). In feed analysis, methods for determining NPN utilize 
the principle of precipitation of true protein and the subsequent difference between total 
crude protein and true protein nitrogen (Krauss, 1927; Licitra et al., 1996). While the use 
of difference may not be the most favorable method, due to the heterogeneity of the NPN 
fraction one method of analysis may not accurately precipitate out specific fractions or 
different lengths of peptides (Greenberg and Shipe, 1979; Krishnamoorthy et al., 1982). 
Since non-protein nitrogen composes 95 % of the soluble nitrogen in silages and cut 
forages, soluble protein has been utilized to estimate the non-protein nitrogen (Pichard, 
1977; Schwab et al., 2003). However, NPN only contribute 52 % of the soluble protein in 
HPCoPs and differentiation may be needed to characterize new HPCoP (Kelzer et al., 
2010). 
Neutral Detergent Insoluble Crude Protein 
  While soluble protein and NPN may occur in free form associated with the rumen 
fluid, some proteins are bound within the NDF fraction of plant cell walls (NRC, 2001). 
The neutral detergent insoluble crude protein (NDICP) fraction is the nitrogen content of 
the NDF residue and multiplied by 6.25 to create a crude protein value (Schwab et al., 
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2003). Neutral detergent insoluble crude protein contains extensin proteins that are 
covalently bonded with the hemicellulose which links carbohydrates to the cell wall (Fry, 
1988). Although NDICP is directly associated with the NDF fraction, when compared 
with the traditional NDF assay, the assay for NDICP utilizes the NDF solution but omits 
the use sodium sulfite and urea amylase as sodium sulfite cleaves disulfide bridges in 
cystine in a non-biological manner which would ultimately reduce the NDICP fraction 
(Van Soest et al., 1991). When modeling the protein digestibility in CNCPS, the B2 
fraction is calculated by the difference between NDICP and acid detergent insoluble 
crude protein and assigned a Kd of 1 to 18 %/h due to slow degradation (Higgs et al., 
2015). In heat treated products like DDGS, B2 proteins which are partially fermented in 
the rumen and the lower gut can be denatured increasing the C fraction (Sniffen et al., 
1992; Licitra et al., 1996). As a result, coproducts can contain up to 40 % NDICP causing 
negative correlation with rumen degradable protein but a positive correlation with MP 
due to increased RUP and subsequent amino acid uptake in the hind gut (Weiss et al., 
1989; Schwab et al., 2003).  
Acid Detergent Insoluble Crude Protein 
Acid detergent insoluble crude protein (ADICP) comprises the unavailable 
protein fraction (C) and helps quantify the amount of insoluble nitrogen in ADF residue 
(Firkins et al., 1984). Acid detergent insoluble crude protein has long been assumed to be 
indigestible in concentrates due to the negative association with crude protein 
digestibility in forages caused by ADICP’s association with lignin (Kleinschmit et al., 
2007). Aside from forages, in coproducts, a portion of the ADICP is a product of the heat 
applied during production resulting in the Maillard reaction cross linking carbohydrate 
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and proteins (Kajikawa et al., 2012). As a result of variation in production and 
concentration of ADICP in DDGS, the negative relationship between rumen availability 
of protein and ADICP has been nonexistent, moderate, or strong (Nakamura et al., 1994; 
Klopfenstein, 1996; Harty et al., 1998). However, there have been no observed milk yield 
responses directly attributed to increased ADICP concentration (Weiss et al., 1989; 
Machacek and Kononoff, 2009). Therefore, the assumption of 0 % digestibly in ADICP 
may not hold true as Maillard products associated with the ADICP fraction in DDGS may 
be relatively more digestible when compared ADICP associated with lignin. Therefore, 
modeling programs have moved away from the chemical fraction of ADICP and towards 
the utilization of undegraded nitrogen which aims to quantify the residual nitrogen after 
in vitro fermentation and simulated hind gut digestion with the Ross Assay. 
Amino Acids 
 
 Since the discovery of essential amino acids in 1935, and subsequent confirmation 
of “essentiality” in 1952, nutritionists have grown substantially in their understanding of 
AA requirements in ruminants (Schwab and Broderick, 2017). Amino acids are a product 
of MCP, RUP, and endogenous crude protein which are digested in the abomasum. In the 
abomasum, digestion with pepsin and hydrochloric acid (HCL) breaks down the peptide 
bonds and creates free amino acids for the goal of supporting resynthesis of proteins and 
immune processes (Harmon, 1993). Microbial crude protein, RUP, and endogenous flows 
contribute 35-65 %, 20-45 %, and 10-20 % of MP requirements, respectively (Clark et 
al., 1992). As a result of the impact of MCP on amino acid requirements, early thoughts 
prevailed where MCP was able to provide all the amino acid needs of the animal. While 
possibly true at the time, as animals increased in production the demand for post ruminal 
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amino acid absorption also increased (Broderick et al., 1970; Clark, 1975). Overall, there 
are twenty amino acids which each contain a common nitrogen-carbon-carbon back bone 
with a chemically unique side chain. Essential amino acids include Arg, His, Ile, Leu, 
Lys, Met, Phe, Thr, Tryp, and Val. Whereas non-essential include Ala, Asn, Asp, Gln, 
Gly, Pro, Ser, Tau, and Tyr. Essential and non-essential are divided as essential amino 
acids either cannot be synthesized by the animal, or if synthesis is possible, it is not at a 
large enough rate to meet the requirements of the animal (NRC, 2001). However, non-
essential are synthesized via intermediary metabolism or from surplus AA amino groups. 
Corn Zein 
 Zein is the structural prolamin which accounts for 60-70 % of the endosperm 
protein in corn grain (Larkins, 2019). Zein serves the plants as a storage protein by 
surrounding starch granules providing structural integrity and a hydrophobic barrier 
(Figure 1; Gibbon et al., 2003). In terms of nutrition, zein protein has been found to be 
rich in amino acids such as glutamic acid, leucine, and alanine consisting of relative 
amounts 22 %, 18 %, and 12 % of total amino acid content (Gianazza et al., 1977; Shukla 
and Cheryan, 2001). However, zein contains < 1 % of the essential amino acid lysine 
(Gianazza et al., 1977). As a result of containing a high proportion of nonpolar amino 
acids, zein is insoluble in water unless alcohol, high concentrations of urea, or high 
concentrations of alkali are present (Shukla and Cheryan, 2001). Accordingly, in 
ruminants, zein protein are not soluble in solutes which are found in the rumen 
environment likely contributing to a portion of increased RUP content of DDGS 
(Lawton, 2002). Therefore, corn zein decreases the rate of starch digestion from 0.06 %/h 
to 0.026 %/h when compared with globulin-albumin proteins (Hoffman and Shaver, 
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2009). This slower rate of digestion occurs due to the matrixes formed between the starch 
and zein protein as proteolysis must occur before amylolytic activity can begin 
(Seckinger, 1973). As a result, zein’s inhibit starch digestion and are limited in their 
lysine content and considered a low-quality protein source for ruminant animals.    
Measuring rumen and intestinal protein digestion 
 Measuring rumen and intestinal protein digestion aims to accurately quantify the 
extent and location of feed protein digestion in the ruminant animal. Three main assays 
are currently utilized to determine protein digestibility of feedstuffs including the Mobile 
Bag (MOB; Paz et al., 2014), Modified Three-Step (MTS; Gargallo et al., 2006), and 
Ross (Ross et al., 2013). Each assay aims to mimic the ruminant digestive tract through in 
situ or in vitro fermentation. The MOB assay was first used in situ for determining 
protein digestibility in ruminants by Hveplund (1985). Consequently, in situ methods 
allow for almost full contact with the ruminant digestive tract animals. As ruminally and 
duodenally cannulated animals are necessary to carry out the assay, increased labor and 
cost are expected limiting the assays commercial utilization. As a result, the MTS assay 
was developed to mitigate cost and labor. The MTS like the MOB procedure utilizes 
nylon bags to suspend feed samples in the rumen fluid for ruminal protein degradation 
(Gargallo et al. 2006). However, criticism has been made that bags utilized in MOB and 
MTS procedures may cause increased lag time for microbial attachment decreasing 
digestibility values (Ross, 2013).  Whereas feed particle loss from the bag may occur not 
a result of ruminal or intestinal digestion increasing digestibility values (Ross, 2013). As 
a result, the Ross assay was developed as an in vitro assay performed in Erlenmeyer 
flasks where feed particles were fermented in direct contact with rumen fluid from a 
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donor cow (Ross et al., 2013). While the Ross assay provides standardized enzymes to 
decrease variation, replicating the ruminant digestive tract in a laboratory proves difficult 
and data should be carefully vetted prior to use. 
Measuring Rumen NDF digestion 
Neutral detergent fiber (NDF) is composed of cell wall structural carbohydrates, 
hemicellulose, cellulose, and lignin which all contain varied levels of digestibility (Van 
Soest et al., 1991). As a result, NDF digestibility (NDFD) can range from 20 to 80 % in 
fiber sources and contribute 0.23 kg of milk per unit of enhanced NDFD (Oba and Allen, 
1999). Since measurements of the chemical composition of fiber cannot be used to 
describe the degradation of fiber in the ruminant animal, the use of NDFD measurements 
contribute heavily to modeling productive responses in dairy cattle (Raffrenato et al., 
2019). As NDFD measurements are highly influenced by method of in vitro fermentation 
and subsequent NDF analysis, creating equipment and protocol which mimic rumen 
function is integral to gain accurate results for diet formulation (Goeser and Combs, 
2009; Coblentz et al., 2019).  
In Vitro System Production 
 
In vitro systems attempt to mimic the dynamic rumen environment in a lab 
setting. The laboratory setting has advantages of economy, convenience, and can be a 
method of determining promising treatments prior to full animal experiments (Danielsson 
et al., 2017). However, replicating the dynamic microbial population, pH, and 
anaerobicity of the rumen has proved difficult. The first continuous culture artificial 
rumen was developed in 1949, but the size, difficulty of preparation, and constant need 
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for buffering lead to the development of the miniature artificial rumen in 1953 by 
Huhtanen et al. (Figure 2,3). At the point in time miniature artificial rumens produced 
crude fiber digestibility values. However, the method laid the framework for in vitro 
batch culture NDFD laboratory analysis utilized today.  
During laboratory analysis 10 years after the development of the miniature 
artificial rumen the homogenous components of in vitro fermentation across 17 
laboratories included the use of glass containers, McDougal’s buffer, and rumen fluid 
strained through cheese cloth (Barnes, 1967). However, differences arose in sample size, 
cannulated ruminant animal, animal diet, CO2 flushing, fermentation timing, and fluid to 
inoculum ratio. The variation in procedures observed ranged from 40 – 64 % for the 
mean 24-hour cellulose digestibility across 3 forage samples with significant differences 
observed between labs and within runs (Barnes, 1967). Therefore, the preliminary 
standard method was developed by Tilley and Terry (1963).  
The protocol developed by Tilley and Terry (1963) addressed many of the 
variables of concern during the time, including a set sample size of 0.5 g, buffer to 
inoculum ratio of 4:1, 48 h fermentation timepoint, CO2 flushing prior to sealing, crimped 
closed system, and Bunsen valve addition to flasks for microbial gas release (Figure 4). It 
is noted in the methods of Tilley and Terry (1963) the set sample size of 0.5 g limits the 
amount of herbage necessary to carry out the assay aimed to mimic larger digestibility 
trials. Also 0.5 g is integral for in vitro fermentation as too large of a sample size may not 
be degraded in the fermentation vessel whereas too small of a sample may not leave 
enough residue if further analysis is required. In this assay a buffer to inoculum ratio of 
4:1 allows for the microbes to remain at an ideal pH as VFA concentrations increase in 
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the closed system. With that Tilley and Terry (1963) noted along with the 40 mL of 
buffer solution 10 mL of rumen liqor would provide the necessary microbes, protein, and 
cofactors for effective fermentation (Barnett and Reid, 1961). Since rumen 
microorganisms consist of anaerobes or facultative anaerobes CO2 flushing prior to 
sealing and crimped closed system allow for maintenance of anerobic environment 
throughout fermentation. Flushing and crimping was chosen over continuous CO2 as the 
continuous CO2 baths of the time were small, ran only a few flask and the procedure was 
time consuming (Figure 5; Hoorn et al., 1957). Since no gas outlet was present Bunsen 
valve addition allowed for pressure to build in the system without incurring loss of 
anaerobicity through displacement of the top stopper. While all of these factors work 
together, the assay outlined by Tilley and Terry (1963) was later modified by Goering 
and Van Soest (1970) with removal of the centrifugation, pepsin solution, addition of 
continuous gassing, and the use of NDF solution in order to simplify the assay for larger 
utilization in the industry (Figure 6).  
While these methods have been widely used for decades, modifications to the 
procedures often aim to reduce the inherent variability associated with vitro fermentation. 
In vitro fermentation can occur in glass Erlenmeyer flasks, polyethylene tubes with gas 
release valves, or stoppered serum vials (Goering and Van Soest, 1970; Moore and Mott, 
1976; Pell and Schofield, 1993). However, Hall and Mertens (2008) found vessel type 
had little effect on NDFD and the main factor influencing digestibility was the increased 
CO2 pressure. This finding strengthened the earlier observations of Grant and Mertens 
(1992b) as carbon dioxide pressure and reducing solutions also decreased microbial lag 
time and stabilized pH increasing NDF digestion (Figure 7, 8). Overall, fibrolytic bacteria 
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are sensitive to ruminal changes therefore various methods are utilized to create an ideal 
environment via additions of bicarbonate, biotin, urea, branch chain VFAs, and trace 
minerals (Russell et al., 1992; Millen et al., 2016; Roman-Garcia et al., 2021) Similarly, 
host animal diet also plays a role in the effectiveness of in vitro fermentation as the 
microbial population responds to dietary shifts which cause pH decline (Grant and 
Mertens, 1992a; Klop et al., 2017). As inoculum has been attributed to the largest amount 
of run to run variation, collection timing, rumen fluid pooling, fluid preservation, and 
rumen fluid priming techniques have been proposed (Hervás et al., 2005; Rymer et al., 
2005; Goeser and Combs, 2009). While these improvements function in controlled 
environments, the confounding factor of laboratory has continued to lead to variability in 
the assay (Hall and Mertens, 2012). As a result, we still lack standard methodology after 
70 years of experimentation.  
Short Term Fermentation 
 
 Short term fermentations aim to accurately replicate two of the three components 
of rumen NDF digestibility being namely initial lag time, where microbial attachment 
occurs, and the rate of digestion of potentially digestible fraction (Fahey Jr. and Berger, 
1988). Lag time occurs in in vitro fermentation as growth factors are limited until co-
factor production and cell death releases trapped nutrients into general fermentation (Van 
Soest and Robertson, 1985). In the preliminary phase of fermentation cellulolytic 
microbial attachment occurs through stomata, lenticels or damaged areas of the fiber 
(Varga and Kolver, 1997). Since microbial and fungal attachment and proliferation 
completes after 12 h, short term fermentations display greater variation due to smaller 
amounts of residue disappearance (Pell and Schofield, 1993; McAllister et al., 2018). 
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However, 24 h and 48 h were used as timepoints likely as a result of preliminary rumen 
dry matter disappearance experiments and the early assumption that fiber was fully 
degraded by 48 h (Walker, 1959; Tilley and Terry, 1963; Tonroy and Perry, 1974). At the 
48-hour time point, cell wall components are digested to a considerable amount; however 
this timepoint may not be physiologically accurate as 48 hours assumes low animal 
intake and slow passage rate out of the rumen environment (Singh et al., 1989). 
Therefore, 30 h NDFD was explored however it resulted in a lack of correlation with 
observed total-tract NDFD (Lopes et al., 2015). The 24 h timepoint produces the most 
accurate gas volume correlated with in vivo ruminal fermentation and provides 
convenience in field laboratories (Menke et al., 1979; Van Amburgh et al., 2003). As a 
result, short term fermentation may allow for initial view of microbial lag time and 
digestible fractions of a given feedstuff. Still multiple timepoints and long-term 
fermentations are necessary to describe the full rate and extent at which a feedstuff can be 
degraded in the ruminant animal. 
Long Term Fermentation 
The third and final pillar to NDF digestion quantifies the maximum extent of 
digestion (Fahey Jr. and Berger, 1988). The maximum extent of digestion quantifies the 
indigestible fiber fraction related to rumen functions (Palmonari et al., 2016). The 
timeframe for determining the indigestible fiber fraction has ranged from 3 days to weeks 
of fermentation (Mertens, 2005; Palmonari et al., 2017). The long timeframe occurs as 
the long-term fermentation approximates the amount of fiber that would remain 
undigested if it resided within the total tract indefinitely (Raffrenato et al., 2019). As a 
result, the current standard procedure includes a 240-hour fermentation as undigested 
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aNDFom did not differ between the 240-hour and 504-hour fermentation timepoint 
(Raffrenato and Van Amburgh, 2011). As batch culture analysis is generally limited to 
singular vessels, reinoculation has been explored to continue the longer fermentations in 
a manner indicative of the rumen environment. Preliminary protocols outlined fresh 
rumen fluid reinoculation occur every 72 hours after 96 hours of fermentation (Van Soest 
et al., 2005). However, it was later determined reinoculation increased the procedural 
error and was not necessary to carry out long term fermentations (Palmonari et al., 2017). 
Therefore, during long term fermentation cellular recycling may allow for the microbial 
population to remain intact as cofactor production and cell death may account for the 
microbial requirements, negating the necessity for reinoculation (Van Soest and 
Robertson, 1985).  
Nitrogen utilization 
 The primary goal of understanding nitrogen utilization in ruminants aims to 
achieve the maximal productive output of protein via milk protein or body tissue 
accretion while minimizing nitrogenous waste via the urine and feces. Ruminant animals 
are relatively inefficient nitrogen utilizers as milk nitrogen efficiency varies from 14-45 
% depending on diet chemical composition and animal inputs for lactating dairy cattle 
(Huhtanen and Hristov, 2009). The wide range in nitrogen utilization can be associated 
with both management and nutritional factors including, animal breed and size, available 
feed ingredients, forage management and diet formulation (Kebreab et al., 2000; Jonker 
et al., 2002; Spek et al., 2013; Sears et al., 2020). As a result, the typical dairy diet in the 
United States has a milk nitrogen efficiency averaging 25 % (Hristov et al., 2019). 
Consequentially, nitrogen excretion in the urine and feces contributes to environmental 
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concerns on a global scale including water pollution and gaseous nitrogen emissions 
(Külling et al., 2001; Hristov, 2011; Hristov et al., 2011). As a result, research has 
focused on understanding nitrogen metabolism and the contributing interactions that 
occur through dietary manipulation. 
Feed Factors  
 
Animals ingest feeds which are comprised of both true protein and non-protein 
nitrogen with varying amino acid composition and digestibility (Figure 1.9). Based on 
these factors, fecal nitrogen excretion can be directly manipulated through the diet due to 
its composition of undigested feed nitrogen, undigested microbial nitrogen, and 
endogenous nitrogen (Tamminga, 1992). However, microbial nitrogen and endogenous 
nitrogen only contribute 19 % of fecal nitrogen excretion and on average 81 % originates 
from undigested feed material (Ouellet et al., 2002). Therefore, when determining the 
contribution of a feedstuff to fecal nitrogen excretion, the chemical composition fraction 
of soluble protein may be considered a good determinant due to immediate degradation 
and subsequent utilization by rumen microbes (NRC, 2001). However, microbial 
attachment, proteolysis, and protozoal engulfment occur with the insoluble fraction of 
protein (Mahadevan et al., 1980; NRC, 2001). Therefore, a potentially more effective 
indicator of ruminal and total tract digestibility of nitrogen hinges on the number of 
secondary and tertiary structures and the density of the disulfide cross linkages in the feed 
itself (Nolan and Dobos, 2005). For some coproducts, Maillard products are created via 
the Maillard reaction increasing cross linkages of the epsilon amino group with 
compounds such as carbohydrates, lipids, vitamins, and polyphenols (Rutherfurd and 
Moughan, 2018). These complexes lower the digestibility ultimately increasing fecal 
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nitrogen excretion (Brown and Bradford, 2020). As a result, fecal nitrogen hinges on the 
physical characteristics of the feed itself and more importantly the degree of complexing.  
Urinary nitrogen excretion is dictated by the utilization of dietary nitrogen by 
rumen microbes as well as amino acids derived from MCP and MP in the animal. Rumen 
microbes require nitrogen and energy to utilize the carbon skeleton from fiber to produce 
MCP. Therefore, by feeding RDP in excess of energy, ruminal microbes will be unable to 
integrate the available nitrogen into the carbon skeleton. As a result, excess ammonia 
which is not converted to microbial protein causes increased ammonia diffusion across 
the rumen wall into the blood pool. Accordingly, on average, 43 % of excess ammonia 
not utilized in MCP synthesis detoxifies in the liver and converted to urea for subsequent 
excretion in the urine (Figure 1.9; Hristov et al., 2005; Lapierre et al., 2005). Therefore, it 
has been demonstrated by increasing dietary RDP from 7 % DM to 10 % DM urinary 
nitrogen excretion was increased from 140.5 to 245.8 g of N/d (Gressley and Armentano, 
2007).  
While RDP is commonly associated with urinary nitrogen excretion, dietary MP 
supply must also be considered in urinary nitrogen excretion. Excess dietary 
metabolizable protein will enter the blood pool as amino acids from the small intestines 
and if not utilized by the mammary gland, are recycled to the splanchnic tissues. If in 
excess after this point amino acids are further deaminated by the liver and excreted as 
urea in the urine similar to RDP. One example of this phenomena occurred in an 
experiment conducted by Wang et al. (2007) who fed increasing inclusions of MP 
ranging from 8 to 10 % dietary DM, while holding RDP, NEL, and NDF as a % DM 
steady across treatments. By holding energy and RDP constant Wang et al. (2007) was 
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able to isolate the effects of increasing MP on nitrogen utilization and observed a 25 % 
increase in urinary nitrogen from the lowest to the highest level of MP. Indicating dietary 
MP could directly influence urinary nitrogen excretion in the ruminant animal. In the 
literature, decreasing the dietary RDP and MP content has subsequent implications on the 
crude protein content provided in the diet. Therefore, decreasing dietary CP has long 
been recognized as the best method for reducing urinary nitrogen excretion as it affects 
both sources which directly contribute to urinary nitrogen excretion (Raggio et al., 2004; 
Agle et al., 2010). Overall, nitrogen excretion can be directly influenced by feed and diet 
composition. However, animal requirements have a direct impact on intake and 
metabolism of absorbed amino acids for milk protein synthesis which contributes directly 
to the profitability of dairy producers.  
Animal Factors 
 
 Intake is subject to chemical interactions with the feed but also energetic 
requirements of the animal. As a result, nitrogen utilization has been found to be highly 
correlated with nitrogen intake by the animal as large influxes of nitrogen cannot be 
effectively captured in milk protein leading to nitrogen excretion in the urine and feces 
(Huhtanen et al., 2008; Reynolds and Kristensen, 2008). Overall, data has shown a 
positive linear relationship between nitrogen intake and output in feces, urine, and milk 
until 400 g/d, after which, urinary excretion increases exponentially (Castillo et al., 
2000). This was further substantiated as nitrogen use efficiency was increased by 5 % 
when dietary nitrogen intake was decreased from 600 g/d to 300 g/d (Kebreab et al., 
2010). However, the most economically important animal factor for nitrogen utilization 
relies on the utilize metabolized amino acids for milk protein synthesis.  
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For milk protein synthesis the goal of ration balancing would be to create the 
“perfect amino acid blend” to match milk protein from feed and MCP. However, amount 
and alteration of EAA profiles from feed and MCP occur due to splanchnic affinities 
limiting our ability to effectively accomplish this goal (Arriola Apelo et al., 2014). Once 
feeds are digested by the animal amino acids are deaminated by the liver and free amino 
acids are created. Free amino acids are circulated in the blood pool where they are 
subsequently extracted by splanchnic tissues and then the mammary gland for protein 
synthesis as well as cellular catabolism (DePeters and Cant, 1992). Historically, due to 
increased interest in milk protein, infusion trials were conducted to determine potentially 
limiting amino acids for milk synthesis. As a result, lysine and methionine were 
determined as first and second limiting in corn-based diets. (Schwab et al., 1992). 
However, a review by Lapierre et al. (2005) determined that the post liver uptake of 
lysine was 0.65 indicating metabolism in other tissues and lysine’s utilization in NEAA 
synthesis for milk protein. This may contribute to variable observed responses in milk 
protein when coproduct diets were balanced and included rumen protected lysine (Paz et 
al., 2013b; Paz and Kononoff, 2014).  
Energy Utilization 
During the introductory session of the symposium on energy metabolism in 1958 
three fundamental problems were identified. The second and third were creating vitamin 
requirements and determining the development of anatomical structures in children and 
animals. However, the first, and most applicable to the current discussion, being 
determining the nutritive value of feedstuffs via a single quantitative unit (MØllgaard, 
1958). Twelve years later, scientists began to determine the energy value of a singular 
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feed in terms of net energy which has become the defining productive unit across 
ruminant animals (Holter et al., 1970). Accordingly, the energy utilization field has 
grown rapidly in the past 60 years; yet it is still governed by feed determination and 
subsequent animal utilization experiments as nutritive value is a biological measurement 
(Figure 1.10; Blaxter, 1956). 
Feed Factors 
 The gross energy (GE) content of feed is comprised of the macronutrients protein, 
fatty acids, and carbohydrates. When totally combusted in a bomb calorimeter the three 
macro nutrients provide 5.6, 9.4, and 4.2 Mcal/kg DM, respectively (NRC, 2001). 
Depending on structure, amino acids have a wide range of energy from 3.34 Mcal/kg to 
7.17 Mcal/kg based on branching and chain length (Milgen et al., 2018). Similarly, lignin 
contains a gross energy content of 6.0 Mcal/kg. However, as lignin remains completely 
indigestible in the animal it and theoretically contributes 0 Mcal to the average value of 
4.2 Mcal/kg for carbohydrates. Although fats generally comprise 3-5 % of dietary DM in 
dairy rations, fatty acids contribute the largest amount of energy from a gross energy 
standpoint. Therefore, it has been demonstrated increased fatty acid content from 
distillers products are able to increase the gross energy value of the diet by 15 % when 
compared to older NRC values (Birkelo et al., 2004). As a result, gross energy measures 
the total chemical energy within a feedstuff. However, energy availability can be changed 
based on feed processing methods and feed interactions. Therefore, gross energy derived 
from bomb calorimetry should not be utilized directly for diet formulation. 
Fecal energy composes the largest loss of energy accounting for thirty percent of 
total gross energy intake (Morris et al., 2020). Therefore, digestible energy (DE) retained 
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with in the animal directly reflects the ration’s apparent digestibility (Figure 1.11). 
Apparent digestibility considers the gross energy in fecal matter as we are currently 
unable to separate gross energy derived from endogenous waste from that of the feeds 
themselves. When describing the factors effecting apparent digestibility a negative 
relationship occurs with digestibility, DMI, and concentrate fat intake (Huhtanen et al. 
2009). Since dry matter intake and fat supplementation suppresses ruminal digestion of 
feed materials. However, Huhtanen et al. (2009) observed a positive correlation with in 
vitro organic matter digestibility and crude protein concentration. As such, if we were to 
increase dietary starch by 5 percentage units while subsequently decreasing NDF by 5 
percentage units assuming 91 % and 48 % digestibility respectively, DE concentration 
would be expected to increase 3 % (Weiss and Tebbe, 2019).  
Metabolizable energy (ME) is calculated by difference of digestible energy and 
chemical energy lost in urine and methane. Energetic losses associated with urine and 
methane account for 4 % and 5 % of gross energy loss, respectively (Morris, 2020). In 
terms of urinary energy loss, a strong relationship occurs between urinary nitrogen and 
urinary energy output (Morris et al., 2021b). However urinary energy loss occurs as a 
result of not only synthesized urea but also endogenous purine derivative, creatinine and 
creatine, hippuric acid and 3-methyl histidine (Lapierre et al., 2020; Morris et al., 2021b). 
However, most of these molecules contain nitrogen as well as energy. Therefore, feed 
factors which affect urinary nitrogen production like excess ruminal ammonia, inefficient 
incorporation of AA into milk protein, and excess MP ending in ureagenesis directly 
affect urinary energy excretion as discussed previously. For methane production, high 
dietary fat inclusion has been demonstrated to reduce methane by 10-25 % through 
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inhibition of cellulolytic bacteria (Beauchemin et al., 2008). Therefore, increasing dietary 
fat through DDGS has also demonstrated a decrease in methane production (Benchaar et 
al., 2013). Similarly, methane can be decreased by reducing the amount of cellulose as 
cellulose creates 3 times more methane per gram of substrate digested (Moe and Tyrrell, 
1979). Therefore, by decreasing urinary and methane energy losses we can increase ME. 
As ME subsequent net energy are an interaction between diet and animal, it is necessary 
to explore the animal factors which affect energy utilization. 
Animal Factors 
Metabolizable energy represents the energy of the nutrients absorbed by the animal 
and available for metabolism. At this point in the energy cascade feed has been broken 
down and metabolizable energy provides energy for anabolic or catabolic processes. 
Within ME energetic losses in heat result from the breakdown of glycosidic linkages, 
peptide bonds, and ester linkages during hydrolysis of carbohydrates, protein, and lipids. 
Therefore, the loss of heat accounts for 25-32 % of total gross energy ingested by the 
animal and exists as the second largest loss after fecal energy (Drehmel et al., 2018; Judy 
et al., 2018; Reynolds et al., 2019a). As a result, two of the largest contributing factors to 
heat increment directly related to the animal are metabolic body weight and DMI (Morris 
et al., 2021a). Increased DMI will increase the amount of substrate to hydrolyze, and 
metabolic body weight carries out metabolic functions increasing the animal’s capability 
to carry out metabolic reactions which generate heat.  
Subsequent the removal of heat increment from the ME fraction, net energy supports 
maintenance, milk, conceptus, or body tissues. Heat increment encompasses the heat 
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produced through the consumption of food, production of milk, and maintenance of body 
tissues (Figure 1.11). While subtly different in name, heat production is the portion of 
heat increment that pertains to the heat released to conserve body function and directly 
reflects maintenance energy requirement of an animal at a fasting and dormant state and 
is considered set per unit of metabolic body weight (MBW; Baldwin, 1995). Similarly, 
fetal energy contributes to animal energy requirements but assumed at zero prior to 190 
days of gestation (NRC, 2001). However, in the lactating animal’s body, a push and pull 
occurs between energy for tissue (TE) and energy for milk production (NEL). This can 
be influenced by stage of lactation, energy balance, or energetic substrate provided. In 
early lactation, animals will mobilize tissue stores due to reduced DMI and increased 
production resulting in negative energy balance. During negative energy balance animals 
are able to convert TE to milk energy at an efficiency of 0.89 which is actually greater 
than the conversion of ME to milk energy at 0.75 likely as a result of the efficiency of 
conversion of fats (Moraes et al., 2015). However, we are ultimately unable to separate if 
NEL results from tissue energy or that of the diet alone. Therefore, the utilization of 
calorimetry, particularly indirect calorimetry gives insight to the location from which 
energy derived then utilized for milk production 
Calorimetry Methods 
The word calorimetry originates from the Latin word ‘calor’ (heat) and the Greek 
word ‘Metrion’ (measure). As such, calorimetry can measure all life processes including 
growth, work and animal production from the energy consumed as food and released into 
the environment as heat (Agnew and Yan, 2005). Energy released as heat can be 
accounted for via direct physical methods or estimated from measurement of byproducts 
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of metabolism. As such both direct and indirect calorimetry are utilized for animal 
research. 
Direct Calorimetry 
Direct calorimetry measures the direct dissipation of heat from the body due to 
bioenergetics (McLean and Tobin, 1988). Although there are disputes on the first use of 
direct calorimetry, priority is given to the works of Lavoisier and LaPlace who utilized 
direct calorimetry to estimate heat production from guinea pigs (Kaiyala, 2011; Kenny et 
al., 2017). Lavoisier utilized a chamber system known as a gradient layer calorimeter to 
house a guinea pig, surround it with ice, and collect the water melting due to the body 
heat of the animal (Shephard and Aoyagi, 2012). Accordingly, direct calorimetry is 
considered the “gold standard” for heat dissipation research due to lack of hinderance by 
gas production assumptions. However, as animals must be contained within the chamber 
use of direct calorimetry for farm animals has been limited. As a result, the use of direct 
calorimetry has led to the standardization of indirect calorimetry for large animals. 
Indirect Calorimetry 
Indirect calorimetry methods are dependent on measured of oxygen consumption, 
carbon dioxide, methane, and urea production. All of which are influenced by 
metabolism to meet energy requirements of the animal through cellular processes and 
metabolism of carbohydrates, lipids and protein. The preliminary form of indirect 
calorimetry was close circuit calorimetry by Regnault and Reiset who found that when 
comparing monogastric animals the ratio off carbon dioxide to oxygen or reaction 
quotient (RQ) was dependent on type of food eaten rather than the species of animal 
within the chamber (Figure 1.12; McLean and Tobin, 1988). Similarly, Carl von Voit was 
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a pioneer in indirect calorimetry as he took on previous respiratory exchange data from 
Lavoisier and created the open circuit method of indirect calorimetry (Battley, 1995). 
Voit’s work established the relationship between protein metabolism and the excretion of 
urinary nitrogen. Thus, the Brouwer equation was created in order to quantify heat 
production based on the combustion of 1g of fat, carbohydrate and protein (Brouwer, 
1965; Gerrits et al., 2015). However, later work by Brouwer added a negative correction 
factor for methane emission for applicability in ruminants.  
HP= 16.18 O2 + 5.02 CO2 – 2.17 CH4 - 5.99 N 
HP= metabolic heat production rate 
O2= Oxygen consumption rate, mL/s, STPD 
CO2= Carbon Dioxide production rate, mL/s, STPD 
CH4= Methane production rate, mL/s, STPD 
N= nitrogen excretion rate, g/s 
STPD= standard pressure (760mm Hg or 101.325kPa), temperature (0 
Degrees C) and dry air. 
Indirect Calorimetry Method 
Headboxes 
Open circuit indirect calorimetry provides the opportunity to estimate heat 
production through the concentration of gases consumed and produced by the animal 
during respiration (Reynolds and Tyrrell, 2000). Since 1909, ways of measuring the 
concentration of respired gases have been conducted through diverse types of ventilated 
hood and chamber systems (McLean and Tobin, 1988). However, since that time, 
methods like headboxes containing air pumps have been developed to mitigate issues 
with increased CO2 concentration stress and decrease error associated with respired air 
loss. During gas collection in the headbox system, a pump applies a slight negative 
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pressure on the air surrounding the head and neck of the animal and a composite of the 
respired gas collected (Birkelo et al., 2004). Measurements of carbon dioxide, methane 
produced, consumption of oxygen and urinary nitrogen are then taken over the collection 
period and utilized to calculate heat production with the Brouwer equation (1965). When 
compared with open chamber systems, headboxes are advantageous as data in full 
chamber systems must be discarded during animal care and maintenance and allow 
animals to remain in similar conditions to the dietary adaptation period. Also, headboxes 
are relatively inexpensive and simple to run when compared to full chamber systems. 
However, headboxes are not without faults as they cover only the front of the animal and 
approximately 7 % methane produced in the hind gut is lost through the rectum (Johnson 
et al., 1994). 
SUMMARY OF LITERATURE 
 Distillers grains are a widely utilized feedstuff in the ruminant nutrition industry. 
Accordingly new products are continually being produced to expand the ethanol industry 
and reduce waste. As such, new products aim to concentrate the protein relative to the 
fiber fraction. However, these high protein coproducts (HPCoP) lack exact definition in 
the feed library based on processing technology and nutritive components. Nutrient 
characterization is integral to providing exact chemical composition measures for 
utilization in the field. Nonetheless, for nutritionists book values provide place holders 
prior to on farm feed analysis. However, we must be careful to match the coproduct in 
use with that of the product on farm to mitigate economic losses or environmental effects.  
 For feed characterization, crude protein is a proximate nutrient; however, it 
composes a wide range of proteins with varying utilization based on solubility as well as 
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association with the fiber fraction. Accordingly, protein can either provide nitrogen for 
microbial crude protein synthesis or post ruminal amino acids to the animal. For DDGS, 
corn zein is the main prolamin protein however zein is deficient in the essential amino 
acid lysine and moreover the available lysine may be complexed with sugar during the 
production process. As a result, feed evaluation determines the content of nutrients but 
not the interactions that occur within the ruminant animal. 
 To determine the effectiveness of a feed product we must first determine the 
nutritive availability based on current methodology. For protein nutrition the use of the 
mobile bag procedure aims to determine protein degradation through completely in situ 
methodology where feeds are subjected to ruminal and intestinal digestibility via dacron 
bags within dual cannulated animals. On the other hand, fiber digestibility can be 
determined through in vitro fermentation at short- and long-term time points to determine 
the full assumed digestibility of a feed ingredient. Although, there are two main assays 
for IVNDFD which are considered standard, there have been quite a few modifications to 
the procedures leading to variability across laboratories. Accordingly, we still lack 
homogenous methodology after 70 years of experimentation.  
 The final pillar of the feed evaluation system hinges on nitrogen and energy 
balance studies to determine the productive animal response based on feed 
characterization and nutrient availability of the new product. Feed factors affect nitrogen 
utilization through protein solubility as well as secondary and tertiary structures and 
disulfide cross linkages. However, ruminant animals have developed mechanisms to deal 
with nitrogen utilization through intake shifts and fecal, urinary, and milk nitrogen 
excretion based on dietary nitrogen intake and dietary nitrogen composition. Energy 
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derived from feedstuffs are composed of a gross energy value based on the type of 
macronutrients provided. However, losses of gross energy are encountered through the 
feces, urine and gas production which are preliminary manipulated by the feed chemical 
composition and later by animal metabolism. As such, calorimetry, particularly indirect 
calorimetry can be utilized to determine the heat increment associated with the digestion 
of a given ration ultimately coming full circle with the feed evaluation system.  
PRACTICAL PRROBLEMS AND OBJECTIVES 
Advancing technology of the corn dry-milling ethanol production process 
mechanically separates the fiber from the protein fraction of DDGS. This new HPCoP of 
post fermentation fractionization it has yet to be accurately described in the feed library 
or with animal responses. Therefore, it is necessary to examine both the chemical 
composition and the subsequent animal measures to characterize the feed product for 
utilization in the field. 
 
The objectives of this research were to: 
1) Fully characterize a new high protein processed corn product to be used as inputs 
for commercial ration balancing software  
2) Examine the effects of replacing non-enzymatically browned soybean meal with 
the HPCoP on DMI, energy utilization, nitrogen utilization and production of 
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1. TABLES AND FIGURES 
 
Table 1.1 Recommendations regarding level of sampling and data summarization for the 
utilization of book values in ration formulation (St-Pierre and Weiss, 2015) 
Farm Variation Feeds Reccomendation 
1. Farm was a significant 
source of variation 
Corn silage Multiple samples to be 
taken at the farm level and 
summarized by farm Haycrop silage 
Wet corn gluten feed 
Wet brewers grains 
Wet distillers grains 
2. Farm was not a 
significant source of 
variation 
Dry corn grain Feed composition tables can 
be used or laboratory 
summaries across farms Soybean meal 
Dry corn gluten feed 
Whole cotton seed 
3. Farm was often not a 
significant source of 
variation 
Dried distillers grains If feed is from a 
nonspecified production 
plant, the feed composition 
tables should be use. 
Otherwise, data should be 













Table 1.2 Average chemical composition values and standard deviations for common 
feeds utilized in ration formulation on commercial dairy farms. Values from accumulated 
years Dairy One Feed Composition Library1 
1 https://dairyone.com/services/forage-laboratoryservices/feed-composition-
library/interactive-feed-composition-libraries/ Accessed 09/13/2021. 







 (± SD) 
EE 






































































































































































Table 1.3 Definition, rate and equation for protein fractions in the Cornel Net Protein and 
Carbohydrate System (Higgs et al., 2015) 
Fraction 
name 
Definintion Kd, %/h Equation 
PA1 Ammonia N 200 Ammoniaj × (SPj / 100) × (CPj / 100)   
PA2 Soluble true protein 10-40 SPj × (CPj / 100) – PA1j 
PB1 Moderately degraded 
protein 
3-20 CPj – (PA1j – PA2j – PB2j - PCj) 
PB2 Slowly degradable 
protein, bound in NDF 
1-18 (NDICPj - ADICPj) × CPj / 100 
PC Indigestible protein 0 ADICPj × CPj / 100 

















Figure 1.1 Corn starch heavily embedded in corn zein (A), Starch granules with less 































Figure 1.3 Schematic diagram for Rusitec system for long term artificial rumen from 















Figure 1.5 Early continuous CO2 flushing in vitro system with CO2 
input and CO2 scrubbing jars in temperature-controlled water bath 









Figure 1.7 Resazurin indicator color change from initial dosing to anerobic conditions 









Figure 1.8 UNL batch culture system with continual CO2 manifold and CO2 delivery 









Figure 1.10 Diagram of the inputs for the feed evaluation system including animal description, feed characterization, nutrient 


















Defining the chemical composition and nutrient digestibility of new high protein 
coproduct 
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Objective: Our objective was to chemically characterize a novel high protein coproduct 
and evaluate the nutritionally significant components compared to traditional DDGS. 
Materials and Methods: A total of 10 samples were collected over a month’s time from 
The Flint Hill Resources plant in Fairmont, NE. Samples were analyzed by Cumberland 
Valley Analytical laboratory for DM, CP, soluble CP, acid detergent insoluble CP, 
neutral detergent insoluble CP, ADF, amylase treated NDF, lignin, EE, sugar, starch, 
minerals, amino acids, and fatty acids. Rumen undegradable protein content was 
determined with in situ and mobile bag procedures. NDF digestibility on an organic 
matter basis was determined in vitro at 24, 30, 48 and 240 hours. Amylase treated NDF 
was determined by three commercially available fiber systems including the refluxing 
method (aNDFR), bagged sample method (aNDFB), and a confined refluxing and 
filtering method (aNDFCR). 
Results and Discussion: Traditionally DDGS contain 38.8 % NDFR, 6.51% TFA, 29.7% 
CP of which is 2.98% Lysine. (NRC, 2001; Dufour, 2017). In this study the new 
coproduct contained 31.2% NDFR, 7.17% TFA, 53.6% CP and 3.6% Lysine on a CP 
basis. Rumen undegradable protein was determined on a CP basis 46.1 ± 13.92 % 
respectively. 
Implications and Applications: Result indicates the new product contains increased 
protein and lysine and decreased NDF relative to traditional DDGS and may be able to 
successfully replace other high protein products in dairy rations. 





Obtaining chemical compositions of new feed products are key to the success of 
the livestock industry, whether it be maintaining feed libraries, describing the content of 
nutrients in a new product, or creating inputs to be utilized in ration formulation. Over the 
past 110 years, DDGS have gone from a waste product of the brewing industry to a staple 
in diets of ruminants (Loosli et al., 1952). Due to recent technological advancements, the 
corn milling industry has begun to hybridize wet and dry milling practices and this results 
in higher value coproducts fractionated from the dry milling process (NRC, 2001). In the 
new high protein coproduct (HPCoP) production, nitrogenous based particles are 
separated from the residual fiber by multiple stages of sieving post fermentation 
(Srinivasan et al., 2005). While earlier HPCoP were a product of fractionization prior to 
fermentation, the newer method results in a feed coproduct which contains a substantial 
but unknown proportion of yeast particles as well as corn protein (Hubbard et al., 2009; 
Christen et al., 2010; Shurson, 2018). As a result of these technological advancements, 
we currently lack knowledge on the nutrient composition and nutrient digestibility for the 
new HPCoP. Since both factors play distinct roles in ration formulation, lack of data 
ultimately limits the ability of nutritionists to utilize the feed ingredient in ration 
formulation.  
 The objective of the experiment was to characterize the chemical composition and 
nutrient availability of a new high protein corn milling coproduct through wet chemistry 
analysis, in situ incubation, mobile bag assay and in vitro fermentation. Our hypothesis 




MATERIALS AND METHODS 
The new high protein coproduct evaluated in this experiment was acquired from 
Flint Hills Resources and was produced at the biorefinery located in Fairmont, NE now 
owned by POET. All chemical composition assays are outlined in Figure 1. 
A total of 10 samples (n=10) were collected over a month period and analyzed for 
DM (method 930.15, AOAC, 2000), CP (method 990.03, AOAC, 2000), soluble CP 
(Krishnamoorthy et al., 1982) ADICP and NDICP (Leco FP-528 Nitrogen Combustion 
Analyzer. Leco, 3000 Lakeview Avenue, St. Joseph, MI 49085), and amino acids 
(method 982.30, AOAC, 2006) by Cumberland Valley Analytical Services Inc. 
(Waynesboro, PA). 
 Rumen undegradable protein was analyzed using the in situ and mobile bag 
procedure (Kononoff et al., 2007). Prior to conducting the experiment all procedures 
using animals were approved by the University of Nebraska-Lincoln IACUC. Two 
multiparous dry Jersey cows fitted with flexible ruminal and duodenal cannula were a fed 
a diet listed in Table 2.7 once daily at 0930h and had an average intake of 10.2 ± 2.02 
kg/d DMI. For each sample obtained from the production site 1.5 g was weighed and 
placed in 10 R510 Ankom concentrate bags (Ankom Technologies) with a pore size of 50 
µm and dimensions of 5 cm × 10cm the heat sealed. Dacron bags were placed in a mesh 
bag (48 Dacron bags/mesh bag) then in a secondary bag that contained a 100 g weight 
and placed within the ventral sac of the rumen for a total incubation time of 16 hours. 
Subsequent this time, all bags were removed from the rumen and gently rinsed in a 
commercial washing machine using 5 cycles that were 1 minute of agitation and 2 
minutes spin. After washing, four bags per sample denoted with an “R” for rumen of each 
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HPCoP sample were rinsed and dried in a 45º C oven for 24 hours. The remaining 6 bags 
per sample were then transferred into a pepsin – HCl solution (1g pepsin/L of 0.01M 
HCL) in a 39º C water bath for 3 hours while stirring every 15 minutes according to 
Kononoff et al. (2007). At 1000 h bags were rolled from the top to the bottom and then 
inserted in the duodenal canula at a rate of 1 bag per 5 minutes. Mats were placed behind 
the animal at 1730 h and fecal matter was checked and bags were recovered at 200 h. 
After bags were recovered, they were gently rinsed to remove excess fecal matter, 
refrigerated, washed in the procedure described, and dried in a 45º C oven for 24 h. After 
drying, bags were weighed to determine the weight of the residue, then composited 
utilizing a mortar and pestle by sample, mobile or rumen, and cow. Composites were then 
sent to Cumberland Valley Analytical Services (Waynesboro, PA) to be analyzed for DM 
(method 930.15, AOAC, 2000) and nitrogen (Leco FP-528 Nitrogen Combustion 
Analyzer. Leco, 3000). 
The same 10 samples (n=10) were analyzed for ADF (method 973.18, AOAC, 
2000), aNDF (Van Soest et al., 1991), lignin (method 973.18, AOAC, 1977), sugar (Hall, 
2009) , starch (Hall, 2009) by Cumberland Valley Analytical Services Inc. (Waynesboro, 
PA). Samples were also analyzed for α-amylase treated NDF by two analytical 
laboratories and the UNL ruminant nutrition lab to determine the difference between 
three commercially available fiber systems. Refluxing method (Van Soest et al., 1991) 
was performed at Cumberland Valley Analytical Services modified to utilize a 1.5 µm 
filter (Whatman 934-AH glass micro-fiber filter; Cytiva, Marlborough, MA) and the 
confined refluxing and filtering method (AOAC, 2002.04) was determined by Minnesota 
Valley Testing Laboratories (New Ulm, MN). The method utilizing bagged samples 
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(Ankom, 2017) was determined at the University of Nebraska-Lincoln Ruminant 
Nutrition Lab utilizing the Ankom Fiber Analyzer (A2000; Ankom Technologies, 
Macedon, NY). For the bagged sample procedure approximately 0.50 g of sample was 
placed into dried and tared filter bags with 25 μm pore size in quadruplicate (n = 40) 
(Ankom F57). Bags were then placed in the suspender trays (n = 20) with 20 g of sodium 
sulfite, and 4 mL of undiluted α-amylase, and 2 L of neutral detergent solution. Samples 
were heated to 100º C for 1.5 h followed by four 5-minute rinses with boiling water and 8 
mL of diluted α-amylase split between the first and second rinse. Bags were then soaked 
in acetone for five minutes, allowed to air dry for 20 minutes, then dried at 105 º C 
overnight. Each aNDF procedure was denoted based on methodology in Table 2.1. 
Similarly, in vitro NDF digestibility was also used to analyze the amylase treated NDF 
digestibility on an organic matter basis (aNDFDom) of the samples. Samples were sent 
for analysis by Cumberland Valley Analytical Services (Waynesboro, PA) where samples 
underwent fermentations of 24, 30, 48 and 240 hours according to Van Soest et al. (1970) 
then were analyzed for aNDFDom according to the refluxing method (Van Soest et al., 
1991) with modifications utilizing a 1.5 µm filter (Whatman 934-AH glass micro-fiber 
filter; Cytiva, Marlborough, MA). Ash content of the samples were obtained through 
method 942.05 (AOAC, 2000) to determine organic matter. Three lactating dairy cattle 
were used for rumen fluid collection by Cumberland Valley Analytical Services 
(Waynesboro, PA) averaging 136 ± 46.3 DIM, with diets formulated for 26.3 kg DMI 
and herd averaging 40.8 kg of milk per day. The total tract NDF digestibility on an 
organic matter basis (TTNDFDomR), Indigestible NDF (iNDF), Potentially digestible 
NDF (pdNDF), and rate of digestibility (kd)  was calculated according to (Lopes et al., 
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2015). Indigestible NDF was determined as the aNDFom content of the sample after a 
240-h in vitro fermentation, the aNDFom content was determined as described in the 
method previously stated. Potentially digestible NDF was calculated as the difference 
between total aNDFom and the iNDF. The rate of digestibility of the pdNDF was 
calculated from the aNDFom measurements at 24, 30, and 48 hours of in vitro 
fermentation (Goering and Van Soest, 1970)  using a first order kinetic model (Mertens, 
1993) assuming the iNDF residue does not disappear and the pdNDF disappears at a rate 
proportional to its mass. Rate of passage (kp) in this model was assumed at 2.67 %/h 
based on a 630 kg dairy cow consuming 23.4 kg/d of a diet that includes 30 % NDF in 
order to calculate TTNDFDomR (Lopes et al., 2015).  
Samples were analyzed for EE (method 2003.05 AOAC, 2000) and fatty acids 
(Sukhija and Palmquist, 1988) by Cumberland Valley Analytical Services Inc. 
(Waynesboro, PA). 
Samples were analyzed for ash (method 942.05, AOAC, 2000) and minerals 
(method 985.01, AOAC, 2000) by Cumberland Valley Analytical Services Inc. 
(Waynesboro, PA). 
Data for the comparison of fiber methods were analyzed using the GLIMMIX 
procedure in SAS 9.4 with P ≤ 0.05 being designated as significant. The model for the 
dependent variable of aNDF is as follows: 
yij = μ + αi + εij. 
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Where yij represented the observation, µ the overall mean, ai  the effect of method i, and 
eij the residual term. 
RESULTS AND DISCUSSION 
During d1 of the mobile bag experiment one animal (5505) failed to pass 50% of 
the inserted mobile bags. Therefore, data collected for that animal during that time was 
discarded. Bag placements were halted until the cow returned to normal health. Samples 
were then rerun in the healthy animal and cows were synced for the remaining 4 periods 
of the experiment. Data are reported as mean ± SD where all samples were averaged 
Protein Composition 
 This experiment was designed to determine the chemical composition of a new 
high protein coproduct to be utilized in the feed library and ration formulation software. 
A summary of the chemical composition is listed in Table 2.2. As we expected, crude 
protein values were increased for the new HPCoP at 53.6 ± 1.13 % CP relative to 
tradition DDGS at 30 % CP (Schingoethe et al., 2009). Similarly, the new HPCoP 
contains increased protein relative to other HPCoPs produced from the removal of bran 
and germ prior to fermentation with protein fractionization occurring post fermentation at 
approximately 45 % CP (Tedeschi et al., 2009). However, the new product contained 
4.52 ± 0.818 % soluble protein which is decreased from the 6.24 % utilized for DDGS in 
NDS ration formulation software. Decreased soluble protein content relative to DDGS 
decreases the fraction nitrogen in the HPCoP immediately available for microbial crude 
protein synthesis (Russell and Hespell, 1981; Kajikawa et al., 2012). However, this 
increases the potentially degradable fraction which contribute to the metabolizable 
protein requirements of the animal (Higgs et al., 2015). During the production process of 
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the new HPCoP, fiber is removed post fermentation via sieving, this step concentrates the 
CP and energy relative to traditional DDGS (Birkelo et al., 2004; Loy and Lundy, 2019). 
The protein stream is then purified leaving corn protein and spent yeast cells remaining 
(Shurson, 2018). Similar to reduced fat DDGS, HPCoPs produced from protein capture 
subsequent fermentation increases CP as a result of removal of other chemical fractions 
(Morris et al., 2018). Since non-starch polysaccharides average 10 % of the dry corn 
mass and the percent fiber increase threefold in the final mash, we speculate the removal 
of large fiber particles, namely bran, contributed to the increase in CP (Li et al., 2012; 
Hamaker et al., 2019; Kumar and Singh, 2019). Similarly, an unknown but substantial 
proportion of spent brewers yeasts captured in the protein stream contain 45-60% CP and 
likely contributed to the increased CP content of the HPCoP (Jaeger et al., 2020).  
Lysine is often considered to be the first limiting amino acid for diets containing 
high proportions of corn and corn coproducts such as DDGS (Schingoethe et al., 2009). 
However, other essential amino acids must be considered for ration formulation. 
Surprisingly, lysine was higher at 3.70 ± 0.188 % of CP in the new product compared to 
an average of 2.56 % lysine on a CP basis for traditional DDGS (Table 2.3; Cromwell et 
al., 1993; NRC, 2001; Spiehs et al., 2002). Similarly, amino acids including leucine, 
threonine, and valine contributed 12.2 ± 0.54 % CP, 4.21 ± 0.150 % CP, and 6.56 ± 0.415 
% CP, respectively. These values are increased when compared with DDGS which 
contain 9.59 % CP leucine, 3.44 % CP threonine and 4.70 % CP valine (NRC, 2001). 
Generally, the deficiency in lysine and increased leucine content occurs as corn protein 
contains 60% zein protein (Larkins, 2019). Also, during the production of DDGS, lysine 
may be complexed with sugars during the heating stage, and this is thought to decrease 
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bioavailability of the AA (Larkins, 2019). Therefore, over time, we speculate as 
processing technologies change and heat damage decreases, the content of lysine in 
DDGS may increase. Additionally, unlike traditional DDGS, we further speculate the 
increase in lysine, threonine, and valine content in this product may be attributed to an 
increased proportion of yeast cells. In the new production process, yeast cells could  
contribute approximately 29% of the material after fiber is removed (Shurson, 2018). 
According to Liu (2011) yeasts used in dry grind ethanol production contain 6.96% 
lysine, 4.99 % threonine, and 4.55 % valine on a CP basis. Since fiber was removed in 
the production process yeast cells account for a larger proportion of the protein increasing 
the relative lysine, threonine, and valine values of the product. Methionine was also 
increased to 2.51 ± 0.161 % CP compared to the 1.82 % value in the Dairy NRC (2001). 
The increase may be partially attributed to analytical error as historical methods of acid 
hydrolysis converts some methionine to methionine sulfoxide which cannot be recovered 
(Higgs et al., 2015). Although this may contribute to the decreased value for methionine 
in DDGS in the NRC (2001) the magnitude of the difference may not be fully explained 
by analytical error alone. An additional factor which may increase the methionine content 
may be a result of other nitrogen containing components of the corn protein in the 
HPCoP. 
The RUP content of the new product was numerically decreased at 46.1 ± 13.92 
% CP compared to traditional DDGS at 55.1 % (Table 2.6; Janicek et al., 2008). In the 
literature, RUP has ranged from 53.2 – 87.2 % CP for DDGS products (Brouk, 1994; 
Kleinschmit et al., 2007; Mjoun et al., 2010b). Although differences in technique may 
explain some of this difference, we also speculate that a portion of the variation may be 
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due to processing differences of the new HPCoP. However, based on previous research, 
during the in situ procedure, several sources of variation occur due to bag pore size and 
sample particle size (Vanzant et al., 1998). The HPCoP’s particle size was much finer 
than the 2 mm grind size which is traditionally suggested in the procedure, therefore there 
was potential washout of the feed during washing or material was released into the rumen 
and intestinal tract during the incubation time (Vanzant et al., 1998). We speculate 
decreased RUP content in this experiment was likely an effect of feed particle size and 
subsequent washout (Van Hellen and Ellis, 1977; Nocek and Kohn, 1988; Gierus et al., 
2005).  
Neutral Detergent Fiber 
 Neutral detergent fiber is a heterogeneous mixture of fiber components with 
varying levels of digestibility. Therefore, one cannot assume the digestion of the feedstuff 
via the NDF content alone (Mertens, 1977). In this experiment the aNDFR (Table 2.1) 
most closely aligns with the assay outlined by Van Soest et al. (1991) as such it was 
utilized for comparison to DDGS. The aNDFR content of the HPCoP was 31.2 ± 3.53 % 
which is similar to that reported in DDGS by Krogstad et al. (2021) and Tran et al. (2020) 
ranging from 31.0 % to 33.8 % aNDFR. Interestingly, when subtracting the aNDFR 
fraction from ADF, the new product contained 12% hemicellulose whereas tradition 
DDGS contain an average of 22 % (Mulrooney et al., 2009; Christen et al., 2010; 
Krogstad et al., 2020). The reduction of hemicellulose may be a result of the removal of 
fibrous bran of the corn kernel which contains approximately 70 % hemicellulose 
(Sandstead et al., 1978). Therefore, we speculate during multistage sieving, the large 
fibrous bran is at least partially removed, and this has a reducing effect on hemicellulose 
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content of the feed. In the new HPCoP decreased hemicellulose content may limit NDF 
digestibility due to a lower hemicellulose to cellulose ratio when compared to DDGS 
(Andrighetto et al., 1993). However, the NDF value for the new product was statistically 
different (P < 0.01; Table 2.5) across the three different commercial fiber systems 
including the aNDFR, aNDFB, and aNDFCR (Table 2.1) which produced values of 31.2 ± 
3.53, 47.1 ± 4.32 and 22.5 ± 5.28 % aNDF, respectively. Overall, bagged sample 
methods have been shown to be effective when determining the aNDFB content of forage 
samples (Schlau et al., 2021). The experiment by Schlau et al. (2021) obtained similar 
aNDFB and aNDF values for grass hay, corn silage, and alfalfa averaging 43.4 and 44.7 
%, respectively when utilizing the bagged sample method and a modified refluxing 
method (Mertens, 2002). We speculate values are similar due to the filtering pore size at 
25 μm and 50 μm. However, in the experiment by Schlau et al. (2021) differences were 
observed when the pore size of the bagged sample method was decreased to 6 μm from 
25 μm increasing the percent aNDFB from 43.4 to 46.6 %. Therefore, in the current 
experiment decreased aNDFCR content in confined refluxing and Gooch crucible filtering 
method is likely a result of the larger filtering pore size of 40 – 100 μm utilizing ashed 
sea sand when compared to that of the filters used in the refluxing method and bags at 1.5 
and 25 μm, respectively. Interesting, if pore size was the only factor the refluxing method 
should have the largest aNDFR fraction due to the 1.5 μm filter pore size, but this was not 
the case. In the literature aNDFB has been shown to have large deviations from aNDFR 
for DDGS (Mertens, 1998). Therefore, an additional factor that may contribute to the 
observed effect are differences in the nature of immersion of sample in solution. In 
refluxing the sample has increased surface area contact with the NDF solution caused by 
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rolling agitation. Rolling agitation is not present in the bagged sample methods as bags 
are placed within suspender trays which move vertically within the extraction chamber. 
We speculate the difference in aNDF between the three methods may be attributed to two 
factors, being namely the filtering agent and the ability to reflux without constraints 
within the NDF solution. The 24.6 % difference in aNDF content between methods limits 
the ability to accurately define the contribution of digestible aNDF to predicted milk 
yield in ration formulation. Based on calculations from the Dairy NRC (2001) a 24.6 % 
difference in aNDF content would lead to a range in predicted milk yield from 0.60 kg/d 
to 1.25 kg/d  from aNDFCR to aNDFB when 1 kg of the HPCoP was fed. 
Animal performance does not directly hinge on the NDF content of a given 
feedstuff but more so the quality of the forage which can be estimated by in vitro NDF 
digestibility and calculated total tract NDF digestibility. In this experiment, the aim was 
to determine the extent of NDFomR digestion (NDFDomR) at time points including 24, 
30, 48 h, and the maximal extent of digestion at 240 h of in vitro fermentation (Goering 
and Van Soest, 1970). Also, estimated total tract NDF digestibility on an organic matter 
basis (TTNDFDomR) was calculated ( Lopes et al., 2015). The values for NDFDomR 
were 77.8 ± 2.63, 81.9 ± 2.20, 83.8 ± 1.79,  and 85.8 ± 1.17 % NDFomR for 24, 30, 48, 
and 240 h respectively (Table 2.5). Total tract NDF digestibility on an organic matter 
basis (TTNDFDomR) was estimated at 74.4 ± 4.23 %.  Neutral detergent fiber 
digestibility values were calculated on an organic matter basis as ash can compose 1 to 
3% of NDF and does not directly contribute to digestible energy (Mertens, 2002; Tebbe 
et al., 2017). The digestible NDFomR values in the current experiment are increased 
relative to the findings of Krogstad et al. (2021) where four samples of DDGS with 
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solubles were 70.4 ± 12.9 % digestible at 30 hours and 86.4 ± 4.18% digestible at 240 h. 
While there was increased digestibility at the 30-hour mark, there was no difference in 
digestibility at the 240-hour mark. We speculate the difference observed in the shorter 
incubation period is an effect of the smaller particle size of the new product, as smaller 
particle size has been suggested to improve fermentation with shorter incubation times 
(Huntingon and Givens, 1995). Another explanatory factor for increased digestibility in 
the HPCoP relative to DDGS is the lignin content (1.96 % DM vs 4.3 % DM)(NRC, 
2001). Lignin is negatively correlated with in vitro NDF digestibility at 24 hours based 
on the findings of Raffrenato et al. (2017). Therefore, the reduced lignin content in the 
HPCoP likely improved in vitro NDF digestibility in the early fermentation timepoints.  
Fatty Acids 
When evaluating fatty acid content in the product the most abundant fatty acid 
was C18:2w6 followed by C18:1w9 and C16:0. These fatty acids accounted for 53.9 ± 
1.37 % TFA, 22.8 ± 1.54 % TFA, and 17.3 ± 0.26 %, respectively in the new product 
(Table 2.4). These values have a slight difference relative to those reported in NDS ration 
formulation software with DDGS containing 56.1 % C18:2, 24.6 % C18:1, and 14.0 % 
C16:0. The NRC has no reported value for TFA in DDGS, therefore a comparison was 
made to Moreau et al. ( 2011) who examined DDGS from 7 different plants. The values 
for C18:2, C18:1, and C16:0 averaged 54.7 % TFA, 26.2 % TFA, and 15.7 % TFA, 
respectively for DDGS. As a result, C16:0 was numerically increased in the new HPCoP, 
and C18:1w9 was numerically decreased. Fatty acids can be found in two general forms 
in dietary feed ingredients including, saturated fatty acids and unsaturated fatty acids. 
Unsaturated fatty acids undergo biohydrogenation in the rumen, have been linked with 
82 
 
decreases in NDF digestibility and milk fat depression when certain isomers of 
conjugated linoleic acid are present (Baumgard et al., 2002; Weld and Armentano, 2017). 
The current product contained 79% unsaturated fatty acids, which is similar to the 
findings of Dufour (2017) who reported 80% unsaturated fatty acid in DDGS from 7 
different production processing sites in the midwestern United States. As HPCoP and 
traditional DDGS contain corn oil as the base fat, composition of fatty acids were similar 
to other reports with linoleic being the major fatty acids, followed by oleic and palmitic 
(Moreau et al., 2011). However, a slight increase in C16:0 was observed averaging 17.3 ± 
0.26 % of TFA in the current experiment compared to 13.7 % TFA and 14.7 % TFA in 
the experiments by Cao et al. (2009) and Ranathunga et al. (2010). We speculate that this 
change in composition can also be linked to the increased percentage of spent brewers 
yeast. As yeast cells average 44.2 % C16:0 on a TFA basis (Ahvenainen, 1982; Blagovi 
et al., 2001). 
Minerals 
 In our analysis we observed that the new HPCoP contained 0.71 ± 0.097 % DM 
sulfur, 0.03 ± 0.012 % DM calcium, and 0.52 ± 0.026 % DM potassium (Table 2.2). 
Buckner et al. (2011) observed that sulfur varied from 0.71 to 0.84 % DM across 6 
Nebraska ethanol plants. Similarly, in a review by Liu (2011) mean values across 5 
studies totaling over 142 samples averaged a sulfur content of 0.64 %. Generally, sulfur 
is utilized as a cleaning agent and pH control in the dry milling process. We speculate 
that the rise of the use of sulfuric acid as a cleaning agent likely contributed to the 
increased value from the average 0.44 % and 0.48 % reported by the Dairy NRC (2001) 
and Holt and Pritchard (2004). However, calcium and potassium were both decreased 
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relative to the average 0.05 % and 1.02 % DM values given to DDGS in a review of 
distillers products by Schingoethe et al. (2009). Calcium is a stable element and is 
generally retained during cooking and storage (Dunn et al., 2014). However, calcium can 
form complexes with phytic phosphorus (Dei, 2017). As phytate is decreased when 
cereals are fermented this may have attributed to the loss of the calcium in the final 
product (Acosta-Estrada et al., 2019). Similarly, brewers yeast contains averages 27.1 mg 
of calcium/100 g of dry weight lowering the average value of calcium in the product 
(Jaeger et al., 2020). There are limited data on corn processing on potassium content, but 
we speculated the centrifugation and removal of solubles during production likely 
contributed to the decreased K content in the HPCoP compared to DDGS as solubles 
contain 2.87 % K on a DM basis (Cao et al., 2009). Historically grains and byproducts 
have been used to examine the effects of decreased dietary potassium content on milk 
production (Dennis et al., 1976; Dennis and Hemken, 1978). Dietary cationic difference 
(DCAD) in ration balancing is calculated based on the dietary inclusion of sodium and 
potassium minus dietary chloride and sulfur and is -32.4 mEq for the HPCoP. As such, 
research has displayed a 0.1 % increase in milk fat per 100 mEq/kg increase in DCAD 
(Iwaniuk and Erdman, 2015). Due to the strong cationic nature of potassium in acid-base 
balance and osmotic regulation it directly contributes to the DCAD which could have 
subsequent effects on milk production. 
APPLICATIONS 
 Continued evaluation of novel coproducts is integral to our ability to estimate 
subsequent animal performance. Overall results indicate that the new high protein 
coproduct contains increased protein and lysine relative to traditional DDGS. As protein 
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is a costly component of dairy diets and care should be taken in understanding the 
digestibility and amino acid content of the product for accurate ration balancing. Also, as 
lysine is typically limiting in corn coproducts increased lysine content in the new product 
may be valuable for amino acid balancing. However, the new product contained 
decreased hemicellulose content relative to traditional DDGS because of reduction in 
fibrous bran material during sieving. Overall, the new product may be able to replace 
other high protein products in dairy rations. 
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2. TABLES AND FIRGURES 
Figure 2.1 Methods for evaluating protein composition, protein digestibility, ether 
extract, fatty acid content and composition, fiber content and digestibility, non-fiber 







Table 2.1 Defining NDF based upon three different methods of analysis and organic 
matter basis for a new high protein coproduct 
NDF Method NDF1  NDFom2  TTNDFD3 TTNDFDom4 
Reflux 5 NDFR NDFomR TTNDFDR TTNDFDomR 
Bagged Sample6 NDFB - - - 
Confined refluxing 
and filtering6 NDFCR - - - 
1 Neutral detergent fiber. 
2Neutral detergent fiber, organic matter basis. 
3Total tract neutral detergent fiber digestibility. 
4Total tract neutral detergent fiber digestibility, organic matter basis. 
5Van Soest et al. (1991) modified using a 1.5 µm filter. 







Table 2.2 Protein, fiber, non-fiber polysaccharide, ether extract and mineral content of 
new high protein coproduct (n=10) Flint Hills Resources, Wichita, KS.1 
 HPCoP 
 Item %DM Mean SD 
 % DM                    92.1               2.57 
CP                    53.6               1.13 
Sol Protein 4.52 0.818 
NDCIP2 5.00 2.220 
ADCIP3 3.73 1.463 
aNDF4                    31.2               3.53 
ADF                    19.2               2.43 
Lignin 1.96 0.756 
Sugar 1.25 0.391 
Starch 1.47 0.276 
Crude Fat 5.81 0.461 
Minerals    
  Ash 3.47 0.373 
  Ca 0.03 0.012 
   P 0.72 0.155 
  Mg 0.22 0.081 
  K 0.52 0.026 
  S 0.71 0.097 
  Na 0.12 0.032 
  Cl 0.08 0.005 
  Fe, mg/kg                  120             12.9 
  Mn, mg/kg                    16.7               7.51 
  Zn, mg/kg                  116             67.8 
  Cu, mg/kg  3.80 0.980 
 1 Values determined by Cumberland Valley Analytical Service (Waynesborough, PA.). 
 2 Neutral detergent-insoluble crude protein. 
 3 Acid detergent-insoluble crude protein. 






Table 2.3 Amino Acid composition on a dry matter and crude protein basis for new high 
protein coproduct (n=10) Flint Hills Resources, Wichita, KS.1 
 HPCoP 
Amino Acids Mean, % DM SD Mean, % CP  SD 
  EAA2        23.6        1.27 45.8        2.08 
  Arg   2.29 0.132    4.27 0.228 
  His   1.39 0.078    2.60 0.124 
  Ile   1.83 0.170    3.41 0.301 
  Leu   6.53 0.341 12.2 0.54 
  Lys   1.99 0.126    3.70 0.188 
  Met   1.34 0.087    2.51 0.161 
  Phe   2.81 0.125    5.25 0.203 
  Thr   2.26 0.096    4.21 0.150 
  Trp   0.62 0.031    1.15 0.076 
  Val   3.51 0.236    6.56 0.415 
  NEAA3        30.8        1.26 57.4        2.03 
  Ala   3.86 0.161    7.21 0.271 
  Asp   3.96 0.147    7.39 0.279 
  Cys   1.23 0.065    2.29 0.104 
  Glu   9.37 0.433 17.5        0.71 
  Gly   2.11 0.085    3.93 0.157 
  Pro   4.89 0.286    9.12 0.462 
  Ser   3.00 0.126   5.60 0.195 
  Try   2.33 0.099   4.35 0.167 
  TEAA4        55.3        2.49 103.2        4.01 
1AOAC Official Method 994.12. 
2EAA= Sum of essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Try, Val). 
3NEAA= Sum of non-essential AA (Ala, Asp, Cys, Glu, Gly, Pro, Ser, Try). 















Table 2.4 Fatty Acid composition of novel high protein co-product (n=10) Flint Hills 
Resources, Wichita, KS.1 
 HPCoP 
Fatty Acid Mean, %DM SD Mean, %TFA SD 
  Total FA 7.17 0.498 100.01 0.051 
  C14:0 0.01 0.005    0.08 0.007 
  C16:0 1.24 0.087 17.3         0.26 
  C16:1 0.01 0.003         0.19 0.004 
  C17:0 0.01 0.003         0.07 0.005 
  C18:0 0.17 0.010         2.35 0.134 
  C18:1w9 1.63 0.156   22.8         1.54 
  C18:2w6 3.87 0.298   53.9         1.37 
  C18:3w3 0.15 0.012         2.10 0.104 
  C20:0 0.02 0.005         0.33 0.005 
  C20:1w9 0.02 0.005         0.21 0.008 
  C22:0 0.01      <0.001         0.07 0.005 
  C24:0 0.02 0.005         0.16 0.004 
  C24:1 0.01 0.007         0.26 0.005 





Table 2.5 In vitro NDF digestibility, potentially digestible NDF fraction, indigestible 
NDF fraction, rate of digestion, total tract digestibility and comparison of aNDF 
methodology of novel high protein coproduct (n=10) Flint Hills Resources, Wichita, KS. 
Item HPCoP 
Mean SD 
aNDF1 % DM   
  NDFR2 31.2 3.53 
  NDFA8 47.1 4.32 
  NDFFT8 22.5 5.28 
NDFomR2, % DM 31.8 4.31 
  Dig NDFomR2,3,4   
  24 h  77.8 2.63 
  30 h  81.9 2.20 
  48 h  83.8 1.79 
  240 h  85.8 1.17 
  pdNDFom5 85.8 1.23 
  iNDFom6 14.2 1.23 
  Kd 10.10 3.54 
  TTNDFDom%7 74.4 4.23 
1Methods differ P < 0.01. 
2Van Soest et al. (1991) with modified using a 1.5 µm filter. 
3 Neutral detergent fiber digestibility on an organic matter basis (NDFDomR). 
4 NDF digestion at set timepoints (24, 30, 48, 240 hours). 
5pdNDFom = potentially digestible NDF (om basis). 
6iNDFom= indigestible NDF (om basis). 
7TTNDFDom= total tract NDF digestibility based on Lopes et al. (2015). 






Table 2.6 Rumen dry matter digestibility, rumen degradable protein, rumen undegradable 
protein, and total tract dry matter digestibility of novel high protein coproduct (n=10) 
Flint Hills Resources, Wichita, KS. 
 HPCoP 
Item Mean SD 
 RDMD1 % DM 62.3 12.57 
 RDP2 % CP 53.9 13.88 
 RUP3 % CP 46.1 13.92 
 TTDMD4 % DM 99.5   0.78 
1Rumen dry matter digestibility. 
2Rumen degradable protein. 
3Rumen undegradable protein. 
4Total Tract Dry Matter Digestibility. 
5Non-enzymatically browned soybean meal: 49.3 ± 4.06 RDMD % DM, 16.41 ± 9.13 






















Table 2.7 Ingredient inclusion and chemical composition of experimental diets for in situ 
and mobile bag experiment (% of diet DM)1 
1Multiparous dry Jersey cattle (n=2) averaging 10.2 ± 2.02 kg DMI. 
2SoyPass, LignoTech, Overland Park, KS. 
3AjiPro (Ajinomoto Co., Inc., Tokyo Japan). 
4Smartamine (Adisseo, Alpharetta, GA). 
5Porcine tallow. 
6Contained per kilogram of premix: 393 g of CaCO3, 234 g of NaCO3, 179 g of salt, 97 g 
of MgO, 69 g of CaPO4, 14 g of vitamin premix ( 14,850 IU/g vitamin A, 3,850 IU/g 
vitamin D, and 90 IU/g vitamin E), and 14 g of trace mineral premix (180,000 mg/kg Zn, 
1500,000 mg/kg Mn, 25,00 mg/kg Cu, 2,600 mg/kg I, 2,300 mg/kg Co, 1,000 mg/kg Fe, 













Item % diet DM 
Ingredient  
Corn silage 38.5 
Alfalfa hay 14.1 
Corn grain, ground fine 16.0 
Corn Dried Distillers Grains 10.3 
Soybean meal 9.40 
Non-enzymatically browned soybean meal2 2.82 
Soybean hulls 1.79 
Rumen Protected LYS3 0.41 
Rumen Protected MET4 0.11 
Molasses, beet 1.23 
Fat5 1.87 





APPENDIX A: AMTS RATION INPUTS FOR NEW HPCOP 
 
*AMTS only allows TFA to equal to 100% EE Value. 

























INTERPRETIVE SUMMARY. Carroll et al (20XX). “Energy and nitrogen utilization 
of lactating dairy cattle fed increasing inclusion of a new high protein processed corn 
product.” Increasing inclusion of a high protein processed corn product (HPCoP) 
replaced non-enzymatically browned soybean meal at 0, 2.6, 5.4 and 8% dietary DM. 
Increasing inclusion of HPCoP had no effect on nutrient digestibility. Increasing HPCoP 
increased the energy concentration in the diet and also milk fat and energy output in milk. 
Results of this study suggest that HPCoP can replace common feeds high in protein and 
support milk production. 
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new high protein processed corn product. 
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 Advancing technologies of the corn dry-milling ethanol production process 
includes the mechanical separation of fiber containing particles from a portion of plant 
and yeast based nitrogenous particles. The resulting high protein processed corn product 
(HPCoP) contains approximately 52% CP, 36% NDF, 6.4% total fatty acids. The 
objective of this experiment was to examine the effects of replacing non-enzymatically 
browned soybean meal with the HPCoP on DMI, energy utilization, and production of 
lactating Jersey cows. Twelve multiparous Jersey cows were utilized in a triplicated 4x4 
Latin square design consisting of 4, 28 d periods. Cows were blocked by milk yield and 
assigned randomly to 1 of 4 treatment diets that contained HPCoP (DM basis) at (1) 0% 
HPCoP (CTRL); (2) 2.6% HPCoP (2.6L); (3) 5.4% HPCoP (5.4M); and (4) 8.0% 
HPCoP (8.0H). Increasing the concentration of HPCoP tended to result in a quadratic 
effect on DMI (19.2, 19.9, 20.7, and 19.9 ± 0.62 kg for CTRL, 2.6L, 5.4M, and 8.0H). An 
increasing trend was observed for milk yield (27.8, 28.6, 29.8, and 29.0 ± 1.00 kg). While 
no difference was observed in the concentration of milk protein across treatments (3.40 ± 
0.098 %) the concentration of fat increased with the inclusion of HPCoP (5.05, 5.18, 
5.15, 5.47 ± 0.29). No differences were observed in the digestibility of DM, NDF, CP, 
TFA, and energy averaging 66.6 ± 0.63 %, 49.0 ± 2.13%, 66.1 ± 0.77 %, 73.6 ± 2.68 %, 
66.3 ± 0.72 % across treatments. The concentration of GE linearly increased with 
increasing concentrations of HPCoP (4.25, 4.26, 4.28, and 4.31 ± 0.02 Mcal/kg), but no 
difference was observed in DE and ME across treatments averaging 2.83 ± 0.035 and 
2.52 ± 0.039 Mcal/kg, respectively. An increasing trend was observed in concentration of 





linearly across treatments (0.648, 0.674, 0.685, 0.675 ± 0.0174). Results of this study 
suggests that the inclusion of the HPCoP can replace common feeds high in protein and 
support normal milk production.  
Key Words: energy, corn product 
INTRODUCTION 
In 2020, the United States supplied 53% of the total global production of grain-
based fuel ethanol and 33.1 million metric tons of distillers grains, gluten feed and gluten 
meal; together these contributed approximately $34.7 billion dollars to the nation’s Gross 
Domestic Product (RFA, 2020). Development of new coproducts aim to expand the 
revenue stream of grain-ethanol production by creating specialized coproducts with 
concentrated protein content. The concentration of protein occurs through modifications 
of grain-ethanol production including sieving and elutriation of coproduct streams 
(Srinivasan et al., 2005). In this process, subsequent fermentation fiber from the spent 
grain is mechanically separated through sieving from kernel protein and yeast based 
nitrogenous particles (Srinivasan et al., 2005). The resulting high protein coproduct 
(HPCoP) contains 54% crude protein (CP), and 7.2 % total fatty acids (TFA) on a DM 
basis (Carroll et al., 2021). The CP of the new HPCoP increased relative to traditional 
dried distillers grains (DDGS) which contain approximately 30 % CP (NRC, 2001). 
Although a number of high protein corn milling coproducts have been available since the 
late 2000’s they are produced through the removal of bran and germ prior to fermentation 
with protein fractionization occurring post fermentation and contain approximately 45 % 





Whole animal energy and nitrogen balance experiments have examined both wet 
DGS (Birkelo et al., 2004) and reduced fat DDGS (Foth et al., 2015). However, 
innovations in the production process of DDGS concentrates nitrogenous based particles 
from the residual fiber by sieving post fermentation. Since the chemical composition of 
the HPCoP differs from that of DDGS controlled feeding experiments are necessary to 
examine ration formulation strategies, determine energy and nitrogen utilization, and 
animal production. As a result, the objective of this experiment was to examine the 
effects of replacing non-enzymatically browned soybean meal with the HPCoP on DMI, 
energy utilization, and production of lactating Jersey cows. We hypothesized that feeding 
HPCoP in an isonitrogenous and isoenergetic ration would maintain milk production 
across treatments. 
MATERIALS AND METHODS 
Animals and Treatments 
 The University of Nebraska- Lincoln Animal Care and Use Committee 
approved animal care and experimental procedures. Twelve multiparous Jersey cows 95 
± 7.3 DIM were sourced from a commercial diary. Cows were housed in individual tie 
stalls in a climate-controlled environment (20º C) at the University of Nebraska-Lincoln 
Dairy Metabolism Facility in the Animal Science Complex. Stalls were equipped with 
rubber mats and cows were milked at 0700 and 1800 h. All cows were less than 134 d 
pregnant at the end of the last experimental period thus fetal energy was assumed to be 
zero. (NRC, 2001) 
The experimental design was a triplicated 4×4 Latin square design balanced for 





experiment cows grouped by milk yield and DMI and were randomly assigned one of 
four TMRs. Treatment sequence was based on Kononoff and Hanford (2006). The high 
protein corn milling coproduct (HPCoP) originated from Flint Hill Resources, Fairmont, 
NE. Treatments were as follows: CRTL [0 % HPCoP]; 2.6L [2.6 % HPCoP on DM 
basis]; 5.4M [5.4 % HPCoP on DM basis]; or 8.0H [8 % HPCoP on DM basis]. Two 
concentrate mixes were utilized in the study where concentrate mix one provided 0% 
HPCoP and the second provided 8% HPCoP. These two concentrate mixes were added in 
a ratio of 33.3 % and 66.7 % for the low (2.6L) and 66.7 % to 33.3 % for the medium 
(5.4M). Dietary ingredients (corn silage, alfalfa hay and concentrate) were placed in the 
Calan Data Ranger (American Calan, Inc. Northwood, NH), mixed and fed at 0930 h. 
The target refusal rate aimed to be 5% for the 24 d adaptation period of each period. 
During the 4 d collection period cattle were fed at 100% of the prior week’s average 
intake to limit refusals. 
Sample Collection and Analysis 
Individual feed ingredients were sampled daily during collection periods and 
frozen at -20º C. All feed ingredients were dried at 60º C and were ground through a 1 
mm screen. (Wiley Mill; Arthur A. Thomas Co., Philadelphia, PA). A subsample of 
ground feed was sent to Cumberland Valley Analytical Services Inc. (Waynesboro, PA) 
for analysis of DM (method 930.15, AOAC, 2000), CP (method 990.03, AOAC, 2000), 
Nitrogen (Leco FP-528 Nitrogen Combustion Analyzer. Leco, 3000 Lakeview Avenue, 
St. Joseph, MI 49085), soluble CP (Krishnamoorthy et al. 1982), ADICP and NDICP 
(Leco FP-528 Nitrogen Combustion Analyzer. Leco, 3000 Lakeview Avenue, St. Joseph, 





amylase corrected for ash contamination (aNDFom) (Van Soest et al., 1991) , lignin 
(Goering and Van Soest 1970), crude fat (method 2003.05 AOAC, 2000), sugar (Hall, 
2009), starch (Hall 2009), ash (method 942.05, AOAC, 2000), minerals (method 985.01, 
AOAC, 2000), total fatty acids (Sukhija and Palmquist, 1988). Feed samples were also 
analyzed for gross energy (GE) content using a bomb calorimeter (Parr 6400 
Calorimeter, Moline, IL). The chemical composition of the diets and feed ingredients is 
listed in Table 3.1. Total mixed rations were sampled on d 1 of each collection period and 
used to determine particle size using the Penn State particle separator (Kononoff and 
Heinrichs, 2002) and reported on an as is and DM basis (60ºC for 48 h). During each 
collection period refusals were sampled and composited on a weight basis. Refusals were 
analyzed for DM, CP, NDF, aNDFom, starch, ash, fatty acids, and GE according the 
same methods as feeds described above. 
Total fecal and urine output was collected from each individual cow during the 
collection period for 4 consecutive d as described by McLain et al. (2021). After 
collections, approximately ~ 600 g feces were dried at 60ºC for 48 h and ground to pass 
through a 1 mm screen (Wiley Mill; Aurthur A. Thomas Co., Philadelphia, PA). The 
ground feces were analyzed for DM, CP, NDF, aNDFom, ash, fatty acids and GE using 
the same methods as described for feeds. Milk production was measured daily, and milk 
samples were collected during the morning and evening milking of collection periods as 
described by McLain et al. (2021). Composited milk samples were analyzed for nitrogen 
and fatty acids as previously described for feeds. To determine body weight, cows were 






Heat Production and Energy Utilization 
Heat production was determined indirectly using the headbox-type indirect 
calorimeters as described previously (McLain et al., 2021). However, total volume of gas 
flow through the headbox was measured using mass flow meters (MCW Whisper, Alicat 
Scientific) and corrected to standard temperature and pressure (0ºC, 101.3 kPa) with 
adjustment for moisture content of exhaust air (Nienaber and Maddy, 1985). System 
efficiency (head box and gas analyzer) was determined by burning 100 % ethyl alcohol 
and measuring gas recoveries. Recoveries of O2 and CO2 were (average ± SD) 101 ± 1.1 
and 99 ± 1.3 %, respectively.  
Energy Calculations 
The respiratory quotient (RQ) was calculated using the ratio of carbon dioxide 
produced to oxygen consumed (L/L). Methane energy was estimated by multiplying CH4 
production by its enthalpy (9.45 kcal/L). Calculations to estimate digested energy (DE), 
ME and NEL were as follows:  
DE (Mcal/d) = GE (Mcal/d) – fecal energy (Mcal/d)   [1] 
ME (Mcal/d) = DE (Mcal/d) – urine energy (Mcal/d) – methane energy (Mcal/d) [2] 
Unaccounted for energy was assumed to represent tissue energy retention or 
mobilization which was corrected to an NEL basis as follows: 
Tissue energy (Mcal/d) = ME (Mcal/d) – heat production (Mcal/d) – milk energy 
(Mcal/d)   [3] 
Adjusted tissue energy (TE; Mcal of NEL/d) = positive residual energy × kL/kG or 





Where kT is the efficiency of utilizing body reserve energy for milk production, kG 
is the efficiency of utilizing ME intake for tissue gain (Moe et al., 1970). Values of 0.66 
and 0.74, and 0.89  were used for kL, kG, and  kT respectively (Moraes et al., 2015).  
Net energy of lactation (NEL; Mcal/d) = 0.08×BW0.75+ Milk E (Mcal/d) + Adjusted TE 
(NEL Mcal/d)                                                                                                                [5]           
Statistical Analysis 
The UNIVARIATE procedure of SAS (9.4) was used to determine outliers from 
the data set. An outlier was determined if an observation was greater than 2.5 standard 
deviations from the mean of milk production and DMI. Data were analyzed in SAS (9.4). 
The model includes fixed effect of treatment and the random effect of period, square and 
cow nested in square. A type III analysis of variance with Kenward-Rodger’s denominator 
degrees of freedom was complete using the PROC GLIMMIX function of SAS. All data 
are presented as least-squares means ± largest standard error. Significance and trends was 
declared with a P-value ≤ 0.05 and P-value ≤ 0.10. 
RESULTS 
Out of the total of 48 planned observations 42 energy utilization, 47 DMI, 47 
digestibility, and 47 nitrogen utilization observations were collected in the experiment. 
Forty-two energy observations were collected as one animal refused to drink water while 
in the headbox during the first period and was unresponsive to further training attempts. 
Also, another animal’s observations were removed from energy, DMI, digestibility, and 
nitrogen utilization during the first period. This animal (4842) consuming the 2.6L 





standard deviations from the mean DMI (19.8 ± 2.27 kg). Records also indicated that this 
animal displayed signs of mastitis on the day of observation this animal was removed 
prior to statistical analysis. The animal recovered and was utilized for the remaining 3 
periods.  
Chemical Composition and Feed Intake  
Diet composition of the four diet treatments are listed in Table 3.1. Crude protein 
of the diets remaining similar with increasing inclusion averaging 16.1 % DM. Increasing 
inclusion of HPCoP increased the concentration of total fatty acids from 5.03 ± 0.32 % 
DM in CTRL to 5.27 ± 0.46 % DM in 8.0H. Similarly, 18C fatty acids increased from 
2.86 ± 0.12 % DM in the CTRL to 3.07 ± 0.14 % DM in 8.0H. Chemical composition of 
corn silage, alfalfa hay, concentrate mixes and HPCoP are listed in Table 3.2. In the 
current experiment the HPCoP contained 36.2 ± 1.63 % NDF, 52.4 ± 0.35 % CP, 6.44 ± 
0.099 % total fatty acids and 3.39 ± 0.342 % lysine on a CP basis.  
Energy Utilization and Digestibility 
Energy utilization is outlined in Table 3.3. Increasing inclusion of HPCoP linearly 
increased (P ≤ 0.01) GE from 4.25 to 4.31 ± 0.020 Mcal/kg, however no difference (P > 
0.25) was observed in the concentration of either DE or ME averaging 2.83 ± 0.035 and 
2.52 ± 0.039 Mcal/kg, respectively. An increasing linear trend (P = 0.09) was observed 
for NEL from 1.61 to 1.71 ± 0.056 Mcal/kg . These same effects were also reflected in 
measures of GE, DE, ME, and NEL expressed as Mcal/d. The ratio of ME to DE tended 
(P = 0.09) to quadratically increase from CTRL to 5.4M then decrease at 8.0H (0.884 to 





treatments from 0.648 to 0.675 ± 0.0174 (Table 3.3). Milk energy increased  (P ≤ 0.01) 
linearly across treatment from 23.5 to 25.8 ± 0.759 Mcal/d. 
 No difference (P > 0.18) was observed in O2 consumption and CO2 and CH4 
production averaging 4779 ± 245 L/d, 4927 ± 292 L/d and 414 ± 36 L/d, respectively 
across treatments (Table 3.3). However, a quadratic response (P = 0.05) in RQ was 
observed with an increase from CTRL (1.019 ± 0.014) to 5.4M (1.040 ± 0.014) and 
decrease to 8.0H (1.022 ± 0.014). Similarly, a quadratic tend (P = 0.10) was observed as 
tissue energy increased from CTRL to 5.4M then decreased to 8.0H ( -0.20 to 2.73 to 
0.66 ± 1.64 Mcal/d).  
 No difference (P > 0.12) was observed in DM, NDF, CP, Starch, Total fatty acid, 
and energy apparent total- tract digestibility, averaging 66.6 ± 0.63 %, 49.0 ± 2.13 %, 
66.1 ± 0.77 %, 73.6 ± 2.68 %, 66.3 ± 0.72 % respectively across treatments (Table 3.4).  
Nitrogen Utilization 
No difference (P = 0.11) was observed in nitrogen intake averaging 512 ± 17.36 
g/d across treatments (Table 3.5). Fecal nitrogen excretion tended to increase (P = 0.07) 
linearly from 167.5 to 177.2 ± 6.83 g/d. No difference (P > 0.11) was observed for 
urinary nitrogen or milk nitrogen excretion averaging 127.4 ± 13.6 g/d and 164.8 ± 6.83 
g/d, respectively. Urinary nitrogen as a proportion of total nitrogen intake decreased (P = 
0.05) quadratically from CRTL (25.8 ± 2.84 %) to 2.6L (22.9 ± 2.84 %) and then 
increased to 8.0H (27.3 ± 2.84 %).  
Milk Yield and Composition 
Dry matter intake tended to increase (P = 0.07) quadratically from CRTL to 5.4M 





3.6). Milk yield tended (P = 0.08) to increase linearly across treatments from 27.8 to 29.0 
± 1.00 kg/d from CTRL to 8.0H. No difference (P > 0.14) was observed in the 
concentration of protein which averaged 3.40 ± 0.098 % however milk protein yield 
tended (P = 0.06) to increase from 0.93 to 0.99 ± 0.033 kg/d across treatments. Milk fat 
percentage increased (P < 0.01) linearly from 5.05 to 5.47 ± 0.288 %, while milk fat yield 
increased (P < 0.01) linearly from 1.40 to 1.58 ± 0.065 kg/d. Concentration of C16:0 in 
the milk tended (P = 0.08) to decrease linearly across treatments from 38.5 to 37.7 ± 
0.867 g/100 g of fat (Table 3.7). The concentration of LA increased linearly from CTRL 
to 8.0H (1.98 to 2.35 ± 0.099 g/100 g of fat). Similarly, ALA increased linearly from 0.23 
to 0.25 ± 0.009 g/100 g of fat. No difference (P = 0.20) was observed for the 
concentration of < 16 carbon milk fatty acids averaging 25.3 ±  0.43 g/100g of fat. 
Greater than 16 carbon milk fatty acids tended (P = 0.08) to increase linearly from 32.0 to 
32.9 ±  0.08 g/100 g of fat. Trans- 10 cis- 12 was not detected in any of the milk samples.  
DISCUSSION 
Chemical Composition  
The objective of this experiment was to examine the effects of replacing traditionally 
used high-protein feeds with a new HPCoP and to examine the effects on DMI, energy 
and nitrogen utilization, and production of lactating Jersey cattle. During production of 
the new HPCoP a large portion of fiber is removed by sieving to purify the protein stream 
concentrating the protein and energy content relative to DDGS  (Birkelo et al., 2004; 
Srinivasan et al., 2005). Later, the remaining nutrients are decanted to the fermenting 
vessel leaving corn protein and approximately 29% spent yeast which are dried to form 





contain 39 % NDF, 6.5 % TFA (Dufour, 2017), and 30 % CP of which approximately 3.2 
% is lysine (Mjoun et al., 2010b). In comparison, in the current study the test coproduct 
contained 36.2 ± 1.63 % NDF, 6.44 ± 0.099 % TFA, 52.4 ± 0.35 % CP and 3.39 ± 0.342 
% lysine on a CP basis. As a result, the decrease in NDF content and subsequent increase 
in protein is likely an effect of the removal of fiber through sieving and increased 
concentration of yeast cells in the product.  
Feed Intake 
 We hypothesized that there would be no difference in DMI across diets due to 
observations where DMI was maintained with dried DG inclusion (Paz et al. 2013). 
Overall, the Dairy NRC (2001) indicates that milk yield is the primary driver of intake 
based upon the influence of milk production within the DMI equation. This is further 
supported as milk yield has been found to be strongly correlated with DMI (Morris et al., 
2021). In the current experiment, a quadratic trend was observed for DMI intake as 
HPCoP increased from 0.0 to 5.4 % of dietary DM but was reduced when it was included 
up to 8 % of dietary DM. Since milk yield is a primary driver of intake the observed 
increase in milk yield from 0.0 to 5.4 % and subsequent decrease at 8.0% may have led to 
the observed response in DMI. 
Nitrogen Utilization 
In the current experiment apparent total tract CP digestibility was not affected by diet 
but increasing the inclusion of HPCoP resulted in an increase in the total mass of nitrogen 
excreted through the feces. Fecal  nitrogen is composed of undigested feed nitrogen, 
endogenous nitrogen, and undigested microbial nitrogen (Tamminga, 1991). As such 





fecal nitrogen can be directly attributed to CP digestibility in 8.0H. Surprisingly, urinary 
nitrogen as a percent of nitrogen intake followed a quadratic pattern, with increased 
urinary N as a % of  N intake in the CRTL and 8.0H diets relative to 2.6L and 5.4M.  The 
increase in urinary nitrogen as a percent of nitrogen intake in the CTRL relative to the 
other treatments may have been an effect of tissue loss in the animal as no difference was 
observed in nitrogen intake.  
Energy Supply and Utilization 
The gross energy value of a feed is equivalent to the energy released during 
complete combustion (Forbes, 1996). Therefore, with increasing inclusion there was 
linear increase in dietary gross energy (GE) in response to increasing organic compounds 
in the diet such as fat, starch, and aNDFom. However, fecal energy increased with 
increasing inclusion as a function of DMI but had no subsequent effects on digestible 
energy (DE)(Mcal/d) across treatments. Metabolizable energy (ME)(Mcal/d) was similar 
with increasing inclusion as no differences were observed in energy losses associated 
with urinary energy (Mcal/d) and gaseous energy (Mcal/d). Energetic conversion 
efficiencies for DE to ME and ME to NEL are dependent on diet chemical composition, 
digestibility, nutrient flux, and metabolic status of the animal. However, fixed conversion 
efficiencies are utilized in nutrition models which may not accurately encompass the 
mechanisms and interactions associated with energetic losses. Prediction of animal 
responses may be improved through continued evaluation of the dietary and metabolic 
factors associated with energetic conversion efficiencies. In the current experiment we 
speculate that decreased efficiency of the conversion of DE to ME in the CTRL and the 





indicated by the increasing proportion of urinary energy loss and decreased tissue energy 
relative to 2.6L and 5.4M. The efficiency of conversion of DE to ME has been shown to 
decrease with negative energy balance and increased dietary CP (Reynolds, 2006; Weiss 
and Tebbe, 2019); this is in response to increased AA catabolism and subsequent urinary 
nitrogen excretion increasing urinary energy loss through metabolites such as urea. 
Increased dietary fat has been demonstrated to increase the conversion of DE to ME due 
to decreased methane production (Ellis et al., 2007). Although a decreasing linear 
tendency for CH4:DMI L/kg was observed across treatments, the decreased CH4:DMI 
likely resulted from the increase in fatty acids with increasing inclusion of HPCoP 
(Benchaar et al., 2013; Drehmel et al., 2018) but had little impact on DE to ME 
conversion. Decreased tissue energy in the 8.0H could have resulted in energy diverted to 
support lactation as manipulating dietary nutrients has been shown to influence energy 
partitioning between milk and tissue (van Knegsel et al., 2007; Nichols et al., 2018). The 
conversion of ME to NEL can be increased by increasing TFA content in the diets, as 
some dietary fats can be directly converted to milk fat (Rico et al., 2014; Boerman et al., 
2015). This occurs as de novo lipogenesis is less energetically efficient when compared 
with preformed fatty acid utilization in milk fat synthesis (70 - 75 % vs. 94 - 97 %; 
Baldwin et al., 1985). Therefore, our data suggests HPCoP increased dietary fatty acid 
supply and the subsequent utilization for NEL when cows consumed the 8.0H diet. 
However, the increased milk energy response was not observed in the CTRL diet 
compared to the diets including HPCoP due to the decreased gross energy and fatty acid 





Milk Yield and Composition 
 Increasing inclusion of HPCoP tended to increase milk yield, increased milk fat 
concentration, but had no effect milk protein concentration. In isoenergetic diets, 
increased conversion of ME to NEL causes partitioning of feed energy for milk synthesis 
in mid lactation cows likely contributing to the increased milk yield with increasing 
inclusion of HPCoP (Boerman et al., 2015). In this experiment, increased milk fat 
concentration with increasing inclusion of HPCoP may be a multifaceted response of 
dietary fatty acids, adipose metabolism, and the yeast cells provided in the new HPCoP. 
Generally, dietary preformed > 16 carbon fatty acids are efficiently incorporated into 
milk fat (Bauman and Griinari, 2003). In this experiment we observed an increase in 
dietary 18 carbon fatty acids (C18) with a subsequent increase in  C18:2 LA and C18:3 
ALA milk fatty acids similar to other distillers products (Ramirez-Ramirez et al., 2016). 
Therefore, increasing dietary C18 and subsequent utilization in milk fat likely explains a 
portion of the increase in milk fat concentration with increasing inclusion of the HPCoP. 
In the 8.0H diet, DMI and C18 digestibility do not account for the total C18 output in the 
milk fat. Another contributing factor to increased C18 milk fatty acids may be a result of 
the decrease in TE in the 8.0H relative to 2.6L and 5.4M as > 16 carbon fatty acids can be 
derived from the adipose tissue of animals (Harvatine, 2018). However, with increasing 
duodenal flow of C18 Prado et al. (2019) observed C18 fatty acids had a negative impact 
on de novo milk fat synthesis. Nonetheless, we observed no difference in de novo fatty 
acids concentration with increasing dietary C18 from the HPCoP. Sustained de novo fatty 
acid concentration with increasing inclusion may be a function of the unknown but 
substantial proportion of yeast in the HPCoP. De novo fatty acids are produced by acetate 





within DDGS have been observed to contribute little to the total omasal flow of MCP but 
are digested ruminally and may provide cofactors which can be utilized to increase 
bacterial protein (Castillo-Lopez et al., 2010).  
Fluctuations in milk and milk protein yield, in diets containing DDGS, has been 
linked with DMI (Janicek et al., 2008; Paz and Kononoff, 2014) and this is often 
attributed to a decrease in the supply of lysine (Nichols et al., 1998). However, the 
HPCoP in this experiment contained increased lysine content relative to traditional 
DDGS due to increased yeast cell content. Therefore, we speculate the effects of milk 
protein yield was not singular effects of DMI or lysine imbalance but more likely an 
effect of the increasing intake of NEL (kg/d). As all components are highly dependent on 
glucose availability, our results suggest increasing NEL (kg/d) with increasing inclusion 
of HPCoP contributed to the increase in milk protein yield (Huang et al., 2021). 
CONCLUSIONS 
 Lactating dairy cows were fed diets that supplied increasing inclusion of a new 
HPCoP while replacing non-enzymatically browned soybean meal Increasing inclusion 
of HPCoP increased DM intake when HPCoP was included at 5.4 % of the diet DM but 
no effects in nutrient digestibility were observed. However, increasing inclusion of 
HPCoP increased gross energy content, conversion of energy from ME to NEL, and 
energy utilization for milk and milk fat production. This response was likely an effect of 
increasing dietary fat provided by the HPCoP and the subsequent energetic efficiency of 
utilizing preformed long chain fatty acids for milk fat synthesis. Results indicate that the 
new high protein corn milling co-product can be effectively utilized in diet formulation 
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Table 3.1 Ingredient inclusion and chemical composition of experimental diets of 
lactating Jersey cattle fed increasing inclusion of a new high protein coproduct (HPCoP) 
(% of diet DM) 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 
5.4M = 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2NexPro, Flint Hills Resources, Fairmont, NE.  
 Treatment1 
Item CTRL 2.6L 5.4M 8.0H 
Ingredient     
Corn silage 40.0 40.0 40.0 40.0 
Alfalfa hay 18.1 18.1 18.1 18.1 
Ground corn 14.3 14.3 14.3 14.3 
High protein coproduct2 - 2.64 5.36 8.00 
Soybean meal 2.66 2.66 2.66 2.66 
Non-enzymatically 
browned soybean meal3 8.00 5.36 2.64 - 
Soybean hulls 8.61 8.61 8.61 8.61 
Urea 0.64 0.64 0.64 0.64 
Salt  0.38 0.38 0.38 0.38 
Sodium bicarbonate 0.60 0.60 0.60 0.60 
Vitamin premix4 0.04 0.04 0.04 0.04 
Molasses, beet 1.73 1.73 1.73 1.73 
Fat supplement5 3.00 3.00 3.00 3.00 
Trace mineral premix6 0.05 0.05 0.05 0.05 
Calcium carbonate 1.11 1.11 1.11 1.11 
Calcium phosphate 0.51 0.51 0.51 0.51 
Magnesium oxide 0.40 0.40 0.40 0.40 
Formulated chemical 
composition, % DM  
DM 59.6 (2.43) 59.4 (1.92) 60.3 (1.94) 59.4 (1.73) 
CP 16.1 (0.43) 16.1 (0.35) 16.1 (0.36) 16.1 (0.45) 
ADICP 0.80 (0.08) 0.92 (0.09) 1.04 (0.11) 1.15 (0.13) 
Total fatty Acids  5.03 (0.32) 5.11 (0.36) 5.19 (0.41) 5.27 (0.46) 
 16C fatty acids  1.93 (0.24) 1.93 (0.27)  1.94 (0.30) 1.95 (0.33) 
 18C fatty acids  2.86 (0.12) 2.93 (0.12) 3.00 (0.13) 3.07 (0.14) 
aNDFom7 30.7 (1.46) 31.0 (1.31) 31.3 (1.18) 31.6 (1.07) 
ADF 20.9 (0.53) 21.2 (0.41) 21.5 (0.29) 21.8 (0.18) 
Lignin  3.14 (0.24) 3.21 (0.22) 3.29 (0.21) 3.36 (0.21) 
Ash  7.54 (0.33) 7.44 (0.36) 7.34 (0.41)  7.25 (0.46) 
Na 0.33 (0.01) 0.33 (0.02) 0.33 (0.04) 0.33 (0.06) 
K 1.46 (0.05) 1.41 (0.04) 1.35 (0.04) 1.29 (0.04) 
Starch, % DM 27.2 (1.98) 27.4 (2.02) 27.7 (2.09) 28.0 (2.19) 
Particle Size (%DM 
retained)     
  >19.0 mm 2.9 (0.49) 2.6 (0.26) 3.1 (0.72) 2.5 (0.64) 
  19.0 to 8.00 mm 28.9 (4.08) 29.7 (2.70) 27.2 (5.23) 29.6 (2.62) 
   8.0 to 1.18 mm 44.4 (2.94) 44.2 (2.90) 42.7 (2.88) 42.0 (1.97) 





3Soypass, LignoTech, Overland Park, KS.  
4Formulated to supply approximately 1,133.79 KIU/d vitamin A, 181.41 KIU/d vitamin D 
and 53.51 IU/d vitamin E in total rations.  
5Energy Booster Merge, Milk Specialties, Eden Prairie, MN. 
6Formulated to supply approximately 2,000 mg/kg Co, 20,000 mg/kg Cu, 2,000 mg/kg I, 5 
mg/kg Fe, 100,000 mg/kg Mn, 625 mg/kg Se and 15 mg/kg Zn in total rations. 





Table 3.2 Chemical composition of corn silage, alfalfa hay, concentrate mixes of lactating Jersey cattle fed increasing inclusion of 
new high protein coproduct1 
 Corn Silage Alfalfa Hay 
  
CTRL Concentrate2 8.0H Concentrate2 CoP3,7,8 
Item Mean SD Mean SD Mean SD Mean SD Mean SD 
DM, as is 38.8 2.69 91.2 0.59 89.8 1.20 91.4 0.30 94.3 0.49 
CP 8.23 0.59 17.3 1.27 23.2 0.56 23.0 0.90 52.4 0.35 
ADF 20.9 0.56 38.2 2.64 13.4 1.31 15.7 1.00 21.6 7.57 
NDF 34.0 1.56 46.6 2.23 23.4 3.00 25.6 1.53 36.2 1.63 
aNDFOM4,5 33.2 1.27 44.2 2.78 22.5 2.88 24.7 1.62 -6 -6 
ADICP5 0.66 0.10 1.53 0.12 0.63 0.09 1.45 0.25 3.42 2.40 
NDICP5 0.83 0.18 2.43 0.38 3.83 0.73 3.06 0.26 10.6 0.59 
Lignin 2.63 0.31 8.61 0.54 1.29 0.33 1.80 0.27 3.63 0.48 
Sugar 1.25 0.39 5.88 0.40 6.23 1.03 4.03 0.62 2.15 0.07 
Starch 40.7 3.97 2.63 0.77 24.8 1.82 26.8 2.67 1.90 0.28 
Total fatty 
acids 2.65 0.26 0.99 0.05 9.03 0.70 9.59 1.05 6.44 0.10 
Ash 4.33 0.71 10.1 0.74 9.52 0.69 8.81 0.80 4.78 2.39 
Ca 0.19 0.03 1.03 0.10 1.77 0.17 1.74 0.10 0.02 0.00 
P 0.19 0.03 0.30 0.01 0.63 0.02 0.58 0.04 0.60 0.01 
Mg 0.17 0.02 0.22 0.01 0.73 0.04 0.71 0.04 0.15 0.00 
K 0.87 0.09 3.09 0.05 1.33 0.06 0.93 0.03 0.55 0.03 
S 0.14 0.02 0.20 0.01 0.22 0.05 0.28 0.02 0.74 0.02 
Na 0.01 0.01 0.06 0.01 0.74 0.02 0.75 0.14 0.02 0.00 
1 Mean and SD (n=4 ) for corn silage, alfalfa hay, and concentrate based on samples of feedstuff collected during each period and 
analyzed by commercial feed laboratory (Cumberland Valley Analytical Services, Waynesboro, PA.). 
2 CTRL concentrate= concentrate with 0% high protein coproduct; 8.0H= concentrate with 8% high protein coproduct. 
3Novel high protein corn milling coproduct (n=2). 
4 Van Soest et al. (1991) modified using a 1.5 µm filter. 







6Value not determined. 
7Amino acid content of CoP all values reported as % CP ± SD; 3.39 ± 0.342 % Lys, 2.17 ± 0.055 % Met, 5.24 ± 0.762 %Arg, 3.59 ± 
0.024 % Thr, 11.7 ± 1.05 % Leu, 4.12 ± 0.323 %  Ile, 5.18 ± 0.019 % Val, 2.32 ± 0.002 % His, 4.92 ± 0.074 % Phe, 0.68 ± 0.387 % 
Trp. 
8Fatty acid content CoP all values reported as % Total fatty acids ± SD; 17.39 ± 0.048 % C16:0, 0.16 ± 0.002 % C16:1, 2.41 ± 0.073 % 





Table 3.3 Oxygen consumption, carbon dioxide and methane production, respiratory 
quotient, and energy utilization of lactating Jersey cattle fed increasing inclusion of new 




Item CTRL 2.6L 5.4M 8.0H     L Q C 
Gases, L/d         
 O2 
consumption 4,892 4,674 4,779 4,770 245 0.50 0.25 0.28 
 CO2 
production 4,995 4,861 4,984 4,869 292 0.60 0.93 0.33 
 CH4 
production 436 403 413 402 36 0.18 0.46 0.38 
 RQ 1.019 1.040 1.040 1.022 0.014 0.82 0.05 0.96 
Components, 
Mcal/d         
 Feces 27.5 27.9 29.7 29.4 0.883 0.02 0.56 0.27 
 Urine 2.07 1.95 2.13 2.19 0.117 0.11 0.28 0.23 
 Methane 4.13 3.81 3.90 3.80 0.336 0.18 0.47 0.38 
 Heat 24.5 23.5 24.1 23.9 1.26 0.51 0.40 0.30 
 Milk 23.5 24.6 25.7 25.8 0.759 < 0.01 0.42 0.68 
 Tissue -0.20 1.84 2.73 0.66 1.64 0.50 0.10 0.74 
Fraction, 
Mcal/d          
 GE 81.8 83.5 88.8 85.7 3.04 0.05 0.20 0.18 
 DE 54.1 55.9 58.8 56.4 2.36 0.13 0.18 0.34 
 ME 47.9 50.1 52.7 50.5 2.23 0.13 0.15 0.47 




        
 GE 4.25 4.26 4.28 4.31 0.020 < 0.01 0.65 0.95 
 DE 2.81 2.84 2.83 2.83 0.035 0.56 0.53 0.69 
 ME 2.48 2.54 2.54 2.53 0.039 0.39 0.25 0.77 
 NEL 1.61 1.72 1.74 1.71 0.056 0.09 0.12 0.90 
Efficiencies         
 ME/DE 0.884 0.896 0.898 0.893 0.0076 0.21 0.09 0.91 
 NEL/ME 0.648 0.674 0.685 0.675 0.0174 0.03 0.07 0.90 
CH4/DMI, 
L/kg 22.9 20.9 19.8 20.4 1.73 0.06 0.20 0.85 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 
5.4M = 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 
3 L = Linear, Q = Quadradic, C = Cubic. 






Table 3.4 Apparent total-tract digestibility of nutrients of lactating Jersey cattle fed 




Item CTRL 2.6L 5.4M 8.0H L Q C 
DM 66.4 67.1 67.0 65.8 0.63 0.45 0.12 0.89 
OM 68.4 69.0 68.8 67.6 0.65 0.31 0.15 0.95 
NDF 47.8 50.0 49.0 49.2 2.13 0.45 0.27 0.30 
CP 66.2 66.3 66.8 65.2 0.77 0.47 0.22 0.46 
Starch 95.8 95.4 95.9 94.3 0.95 0.21 0.41 0.36 
Total fatty 
acids 
72.6 73.1 74.7 74.1 2.68 0.36 0.71 0.60 
  16C Fatty 
acids 
72.3 72.5 73.6 72.3 4.07 0.89 0.65 0.63 
  18C Fatty 
acids 
73.8 74.2 76.5 76.1 2.10 0.15 0.76 0.49 
Energy 66.2 66.9 66.4 65.6 0.72 0.41 0.20 0.80 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 
5.4M = 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 






















Table 3.5 Fecal output, urine output and nitrogen (N) utilization of lactating Jersey cows 




Item CTRL 2.6L 5.4M 8.0H L Q C 
Output, kg/d (as 
is) 
        
Feces 40.9 41.6  43.8  42.9   1.46 0.09 0.45 0.35 
Urine 22.4 23.0  22.0  21.8   1.96 0.44 0.60 0.51 
Mass, g/d         
  N intake 496.5 510.8 532.8 511.4 17.36 0.17 0.11 0.31 
  Fecal N 167.5 170.9 176.6 177.2 6.28 0.07 0.73 0.71 
  Urinary N 125.8 114.8 130.5 138.5 13.60 0.11 0.21 0.31 
  Milk N 160.4 165.6 172.9 160.4 6.83 0.78 0.14 0.41 
  N balance 42.8 59.7 52.8 35.5 17.62 0.55 0.13 0.79 
As a proportion 
of total N 
intake, % 
        
  Fecal N   33.8 33.7 33.2 34.8 0.767 0.47 0.22 0.46 
  Urinary N 25.8 22.9 24.7 27.1 2.84 0.32 0.05 0.49 
  Milk N 32.5 32.5 32.5 31.6 1.24 0.62 0.69 0.86 
  N balance 7.9 11.0 9.6 6.5 3.29 0.54 0.14 0.78 
Efficiencies         
  Total N3 40.4 43.5 42.1 38.1 3.01 0.22 0.02 0.78 
  Milk N4 32.5 32.5 32.5 31.6 1.24 0.62 0.69 0.86 
1Treatments: CTRL = 0% high protein coproduct; 2.6 = 2.64% high protein coproduct; 
5.4M = 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2Least squares means; largest SEM is listed. 
3Total N efficiency = (Milk N + N bal)/(Milk N + N bal + Urine N + fecal N). 







Table 3.6 DMI, milk production and milk composition, water intake, BW and BCS of 




Item CTRL 2.6L 5.4M 8.0H L Q C 
DMI, kg/d  19.2 19.9 20.7 19.9   0.62   0.11 0.07 0.38 
Milk yield, 
kg/d 27.8 28.6 29.8 29.0 1.00 0.08 0.20 0.36 
ECM, kg/d4  34.3  35.7 37.3 37.4   1.08 <0.01 0.40 0.64 
ECM/DMI 1.80 1.81 1.81 1.89 0.042 0.05 0.28 0.44 
Protein, % 3.35 3.43 3.40 3.40 0.098 0.22 0.14 0.16 
Protein, kg/d 0.93 0.98 1.01 0.99 0.033 0.06 0.12 0.63 
Fat, % 5.05 5.18 5.15 5.47 0.288 <0.01 0.35 0.26 
Fat, kg/d 1.40 1.46 1.53 1.58 0.065 <0.01 0.87 0.81 
Lactose, % 4.86 4.89 4.90 4.93 0.037 0.02 0.95 0.61 
Lactose, kg/d 1.35 1.40 1.46 1.43 0.051 0.05 0.22 0.49 
MUN, mg/dL    12.9  13.0  12.8 13.5   0.60   0.26 0.44 0.53 
Free water 
intake, L/d 79.0 90.6 84.7 80.9 4.52 0.98 0.04 0.24 
BW, kg   436    440  440   439  13   0.39 0.42 0.90 
BCS5 3.05 3.04 3.16 3.04 0.074 0.51 0.14 0.05 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 
5.4M= 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 
3 L = Linear, Q = Quadradic, C = Cubic. 
4ECM= 0.327 × milk yield (kg) + 12.95 × fat (kg) + 7.20 × true protein (kg) (Tyrrell and 
Reid, 1965). 






Table 3.7 Milk fatty acid composition of lactating dairy cows fed increasing inclusion of 




Item, g/100 g 
of fat CTRL
 2.6L 5.4M 8.0H L Q C 
C4:0 4.34 4.01 4.13 4.20 0.103 0.37 0.02 0.18 
C6:0 1.99 1.91 1.94 1.98 0.048 0.90 0.09 0.44 
C8:0 1.12 1.08 1.10 1.13 0.030 0.61 0.11 0.57 
C10:0 2.49 2.46 2.50 2.58 0.080 0.16 0.26 0.87 
cis-9 C10:1 0.25 0.25 0.25 0.25 0.010 0.51 0.51 0.84 
C11:0 0.05 0.06 0.06 0.06 0.006 0.47 0.09 0.13 
C12:0 2.94 2.94 2.96 3.04 0.103 0.22 0.56 0.91 
iso C13:0 0.02 0.02 0.02 0.02 0.001 0.74 0.38 0.41 
anteiso C13:0 0.06 0.07 0.07 0.07 0.003 0.42 0.05 0.68 
C13:0 0.08 0.10 0.10 0.09 0.007 0.35 0.04 0.17 
iC14:0 0.06 0.06 0.06 0.06 0.005 0.19 0.33 0.25 
C14:0 9.89 9.78 9.85 9.83 0.208 0.76 0.60 0.49 
C14:1c9 0.78 0.82 0.80 0.77 0.035 0.51 0.04 0.35 
iso C15:0 0.17 0.16 0.17 0.17 0.007 0.81 0.09 0.13 
anteiso C15:0 0.34 0.34 0.34 0.34 0.014 0.84 0.89 0.74 
C15:0  0.87 1.00 0.93 0.91 0.050 0.68 0.03 0.13 
iso C16:0  0.20 0.19 0.20 0.18 0.011 0.33 0.62 0.60 
C16:0    38.5  38.9 38.3  37.7 0.867 0.05 0.20 0.53 
cis-9 C16:1  1.78 1.85 1.78 1.73 0.080 0.24 0.15 0.42 
iso C17:0  0.30 0.29 0.30 0.30 0.016 0.22 0.42 0.93 
C17:0  0.56 0.57 0.55 0.56 0.025 0.80 0.83 0.48 
cis-9 C17:1  0.18 0.19 0.18 0.18 0.014 0.54 0.45 0.47 
C18:0  9.51 8.62 9.10 9.53 0.350 0.58 <0.01 0.18 
trans-4 C18:1  0.02 0.02 0.02 0.02 0.001 0.27 0.21 0.53 
trans-5 C18:1  0.01 0.01 0.01 0.02 0.002 0.48 0.84 0.34 
trans-6 C18:1 0.25 0.26 0.26 0.26 0.011 0.11 0.76 0.66 
trans-9 C18:1 0.19 0.20 0.19 0.19 0.007 0.85 0.19 0.60 
trans 10 C18:1 0.35 0.39 0.38 0.37 0.037 0.52 0.13 0.47 
trans-11 C18:1 0.53 0.54 0.53 0.53 0.037 0.94 0.61 0.68 
trans-12 C18:1 0.34 0.37 0.37 0.36 0.013 0.11 <0.01 0.59 
cis-9 C18:1  15.9  16.2 16.3  16.2 0.696 0.42 0.46 0.95 
cis-11 C18:1 0.45 0.51 0.47 0.47 0.049 0.71 0.06 0.12 
cis-12 C18:1 0.22 0.25 0.26 0.24 0.030 0.20 0.06 0.94 
LA 1.98 2.10 2.21 2.35 0.099 <0.01 0.88 0.88 
ALA 0.23 0.24 0.24 0.25 0.009 0.05 0.69 0.61 





cis-11 C20:1 0.03 0.04 0.04 0.03 0.004 0.46 0.14 0.84 
C20:2n6 0.02 0.02 0.02 0.02 0.002 0.05 0.98 0.99 
cis-9, trans-11 
CLA 0.25 0.28 0.27 0.26 0.022 0.59 0.08 0.58 
Total saturated 




   24.3    25.1 25.2   25.1 0.97 0.17 0.24 0.68 
Milk fatty 
acids g/100 g 
fat 
        
<16 Carbon 25.5 25.0 25.3 25.5 0.43 0.79 0.20 0.54 
16 Carbon 40.5 40.9 40.2 39.6 0.79 0.04 0.15 0.48 
>16 Carbon 32.0 31.9 32.4 32.9 1.04 0.08 0.48 0.69 
Milk fatty 
acids g/d         
<16 Carbon 356.9 365.4 387.4 403.3 21.48 <0.01 0.75 0.72 
16 Carbon 564.1 597.5 614.9 626.2 32.88 <0.01 0.43 0.86 
>16 Carbon 445.9 460.3 495.1 514.7 17.47 <0.01 0.84 0.55 
Unknown 28.5 31.2 31.7 32.6  <0.01 0.20 0.45 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 
5.4M = 5.36% high protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 


















GENERAL SUMMARY AND CONCLUSIONS 
The corn-ethanol industry an evolving field and consequently new products are 
created, and these diversify the industry and create new revenue streams. These new 
products must be evaluated for chemical composition so that they can be accurately 
described in feed libraries that are used in commercial ration formulation software. As a 
result, the objective of the first experiment was to examine the chemical composition and 
nutrient availability in 10 samples of a single new high protein coproduct (HPCoP)(Flint 
Hills Resources, NexPro). This product originated from the dry milling process which is 
unlike the traditional process as nitrogenous based particles are concentrated from the 
residual fiber by sieving post fermentation. 
Chemical composition and in vitro nutrient availability. Results from this 
experiment indicate that the new HPCoP contained a greater concentration of protein and 
lysine on a dry matter basis when compared with a traditional DDGS. These results can 
be attributed to the partial removal of fiber in the production process and subsequent 
concentration of corn protein and an unknown but likely substantial proportion of yeast 
cells. Neutral detergent fiber digestibility of the HPCoP at 30 hours was also increased 
relative to DDGS likely due to reduced lignin content and smaller particle size of the 
HPCoP. Interestingly, amylase treated neutral detergent fiber (aNDF) content of the new 
HPCoP was different when analyzed by three commercial fiber systems. These systems 
included the traditional refluxing method (aNDFR; Van Soest et al. 1991), a bagged 
sample method (aNDFB; Ankom, 2017) and a method which refluxes then flushes 
material through ashed sea sand (aNDFCR; Mertens, 2002). High protein coproducts pose 





accurately reflect the true NDF content of distillers grains. Based on 3 different 
processing methods we observed a range from 22.5 ± 5.28 % to 47.1 ± 4.32 % aNDF for 
aNDFR, aNDFB, and aNDFCR, respectively. While bag systems are convenient for 
analysis, they pose a risk of overestimating NDF content of coproducts as samples are not 
fully immersed in the NDF solution. Methods for determining aNDF content of HPCoP 
should allow the sample to reflux within solution and filter through material of 25 µm or 
less. 
Whole animal nitrogen and energy utilization. While chemical composition 
provided us an initial and useful description of a feed product, in vivo nitrogen and 
energy balance studies are needed to examine the utilization and efficiency of converting 
the nutrients within a given feed product to milk. Therefore, in order to accomplish the 
goal of understanding the effects of HPCoP on DMI, energy and nitrogen utilization, and 
milk production we tested the replacement of non-enzymatically browned soybean meal 
(52 % CP) with HPCoP (52% CP) up to 8 % dietary DM. All rations were formulated to 
be isonitrogenous averaging 16.1 % CP. We observed that inclusion of HPCoP did not 
affect apparent nutrient digestibility. However, inclusion of the new HPCoP did increase 
gross energy content and total intake with no subsequent effects on digestible energy or 
metabolizable energy. Similarly, the utilization of energy for NEL increased with 
increasing inclusion of the HPCoP with subsequent increases in milk fat production. 
These observations are likely an effect of the increases in TFA content.  
Overall technical observations and recommendations. In the current energy 
balance experiment 1 animal was unable to adapt to the headbox system, and visual 





collection period. The importance of training animals to be comfortable around 
instrumentation used for total gas production measures during sample collection has been 
previously noted. Protocols should be developed so that future investigators are able to 
estimate normal gas production and consumption accurately. Previous recommendations 
suggest that animals should be exposed to 3 days of training in the headboxes. In the 
future, animals should demonstrate they can be comfortable within the headboxes for a 
period of 24 hours prior to enrollment in an experiment. Animal comfort is defined as the 
ability for the animal to drink from the waterer, lay down and stand comfortably, and 
consume at least 80 % of allotted TMR during a 24-hour period. After energy balance 
periods are completed, urine samples become difficult to homogenize after freezing. 
Currently, when analyzing urine samples for energy one will shake the conical tube 
however the question is whether this practice gives a representative sample due to 
floating particulate matter. This directly impacts the ability to obtain a representative 
sample for gross energy analysis. Currently freeze drying is not possible without 
extensive waiting time in our laboratory. A potentially more effective way to homogenize 











APPENDIX C: EQUATIONS 
DE (Mcal/d) = GE (Mcal/d) – fecal energy (Mcal/d)   [1] 
ME (Mcal/d) = DE (Mcal/d) – urine energy (Mcal/d) – methane energy (Mcal/d) [2] 
Unaccounted for energy was assumed to represent tissue energy retention or 
mobilization which was corrected to an NEL basis as follows: 
Tissue energy (Mcal/d) = ME (Mcal/d) – heat production (Mcal/d) – milk energy 
(Mcal/d)   [3] 
Adjusted tissue energy (TE; Mcal of NEL/d) = positive residual energy × kL/kG or 
negative residual energy × kT  [4] 
Where kT is the efficiency of utilizing body reserve energy for milk production, kG 
is the efficiency of utilizing ME intake for tissue gain (Moe et al., 1970). Values of 0.66 
and 0.74, and 0.89  were used for kL, kG, and  kT respectively (Moraes et al., 2015).  
Net energy of lactation (NEL; Mcal/d) = 0.08×BW0.75+ Milk E (Mcal/d) + Adjusted TE 












APPENDIX D: COMPARISON OF METHODS TO DETERMINE 
POSITIVE TE FOR INTEGRATION INTO ESTIMATES OF NEL Mcal/d 
Description of this note:  
Net Energy Lactation (NEL) is calculated as follows  
NEL (Mcal/d) = 0.08 × BW0.75 + Milk E (Mcal/d) + adjusted TE (Mcal NEL)  [1] 
 
Where, 
Maintenance energy = 0.08 × BW0.75                                                                      [2]               
Milk energy is (Mcal/d) = [(9.29 × Fat %/100) + (5.63 × Protein %/100) + (3.95 × 
Lactose %/100)] × Milk production (kg/d)       [3]  
Where adjusted TE (Mcal NEL) is as follows,  
 When TE (Mcal/d)  > 0, adjusted TE = TEp × ( KL/KG)    [4] 
 When TE (Mcal/d) < 0, adjusted TE  = TEn × (KT)     [5]            
 KL is equal to 0.66 based upon the average values from the 1974-1983 and 1984-
1995 data sets (Moraes et al., 2015). This value is in accordance with those published in 
the NASEM, (2021).  
 KG is equal to 0.74 based upon the average values from the 1974-1983 and 1984-
1995 data sets (Moraes et al., 2015)This value is in accordance with those published in 
the NASEM, (2021).  
KT is equal to 0.89 and represents the conversion of tissue energy to milk energy. 
This value is equivalent to 0.89 as outlined by (Moraes et al., 2015) and in accordance 
with the values published in the NASEM (2021).  
 TEp is the positive tissue energy (Mcal/d) remaining after subtracting heat 
production (Mcal/d)(Brouwer, 1965) and milk energy (Mcal/d) from metabolizable 
energy (Mcal/d). 
 TEn is the negative tissue energy (Mcal/d) remaining after subtracting heat 
production (Mcal/d)(Brouwer, 1965) and milk energy (Mcal/d) from metabolizable 
energy (Mcal/d). 
Focus will be on the positive tissue energy conversion. Comparing a personal 
correspondence from a contributor to early NEL calculations and a later examination of 
the correspondence and resulting data. 
Notation of pervious errors made in the calculation of TE when TE was > 0 
Personal correspondence from colleague  to our early work in NEL calculations 
suggested  positive TE conversion was a function of the efficiency of ME to gain (KG) 





1. Where KG was 0.74 for all lactating animals (Reynolds, personal correspondence) 
and KT was 0.84 in negative energy balance animals (Moe et al., 1971). 
2. The above yields a conversion efficiency of 0.74 (KG) / 0.84 (KT) = 1/1.135 or 
rounded to 1/1.14 shown in the work of Reynolds (2000) 
As adjusted TE= TE / 1.14 if TE > 0                                                      [6]             
3. Using the above, erroneous calculations were published by (Morris and Kononoff, 
2021; Morris et al., 2021a; b) and (McLain et al., 2021). 
TE (NEL Mcal/d) = TEp × (KG/KT)                                                        [7]              
Where KG is updated to 0.75 and KT is updated to 0.89, respectively 
(Moraes et al., 2015) 
4. When using data generated from in this thesis (Carroll, 2021) and the equation [7] 






Item CTRL 2.6L 5.4M 8.0H     L Q C 
NEL4, Mcal/d  31.20 33.63 35.89  34.05 1.773 0.07 0.11 0.51 
NEL,  Mcal/kg 
DM 1.608 1.708 1.732 1.704 0.0543 0.09 0.12 0.92 
NEL/ME   0.6476   0.6712    0.6824   0.6735 0.01715 0.03 0.08 0.86 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 5.4M = 5.36% high 
protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 
3 L = Linear, Q = Quadradic, C = Cubic. 
4NEL= 0.08 × BW0.75+ Milk E (Mcal/d) + adjusted TE (Mcal NEL). 
 
 This calculation is likely incorrect as it considers the conversion of tissue energy to 
milk in negative energy balance. During positive energy balance animals will not need to 
convert tissue energy to milk as milk energy requirements will be accounted for by dietary 
ME. Any residual ME left after milk energy is subtracted will be utilized for tissue gain. 
Secondly, the value 0.74 was for all lactating animals not solely animals in positive tissue. 
 
Corrected approach:  
Based on Moe et al. (1971)(see table below) 
5. KG  of all lactating animals has been observed to be  0.747 and KT has 
been observed to be  0.84 in animals in negative energy balance animals 
(Moe et al., 1971). Using these (correct) estimates of conversion 
efficiency (0.747 (KG) / 0.84 (KT) = 1/1.12 and this is different that the 
value as listed in the works of Reynolds (2000) which was TE/1.14 
6. Data for the conversion of ME to milk energy (KL) and the efficiency of ME to 






7. These two values can be used to derive a conversion efficiency of 0.635 (KL) / 
0.726 (KG) = 0.875 or  1/1.14 
This supports the values outlined by and uses partial efficiencies of milk 
from ME (0.635) and gain from ME (0.726) derived from animals in 
positive tissue and does not use the conversion of TE to milk (KT or 0.84) 
during negative energy balance .  
8. Therefore, using data generated from this thesis (Carroll, 2021) the correct 
estimate or TE when TE > 0 is as follows:  
TE (NEL Mcal/d) = TEp × (KL/KG)                                       [4]  
Where KL is updated from 0.635 to 0.66 and KG is updated from 0.726 to 
0.74 as these updated estimates are observed in (Moraes et al., 2015) and 
this is based upon the average KL and KG values from the 1974-1983 and 
1984-1995 data sets. These values are in accordance with those published 
in the NASEM, (2021).  
9. The resulting NEL (Mcal/d and Mcal/kg) and NEL/ME for equation [4] are listed in 




Item CTRL 2.6L 5.4M 8.0H     L Q C 
NEL4, Mcal/d   31.27  33.79  36.04   34.16 1.810 0.07 0.11 0.54 
NEL,  Mcal/kg 
DM 1.611 1.716 1.741 1.709 0.0561 0.09 0.12 0.90 
NEL/ME   0.6480   0.6738   0.6850  0.6754 0.01744 0.03 0.07 0.90 
1Treatments: CTRL = 0% high protein coproduct; 2.6L = 2.64% high protein coproduct; 5.4M = 5.36% high 
protein coproduct; 8.0H = 8% high protein coproduct. 
2 Least squares means; largest SEM is listed. 
3 L = Linear, Q = Quadradic, C = Cubic. 
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APPENDIX F: NDS HIGH PROTEIN COPRODUCT INPUT FROM ENERGY 

























APPENDIX H: AMTS DIET SUMMARY FOR CTRL AND 8.0H DIET 
FORMULATION 
 
























APPENDIX I: NDS DIET SUMMARY FOR EXPERIMENTAL DIETS 
AND ANIMAL OUTPUTS 
 

































APPENDIX K: FULL MATERIALS AND METHODS FROM ENERGY 
BALANCE AND NITROGEN UTILIZATION EXPERIMENT 
Animals and Treatments 
 The University of Nebraska- Lincoln Animal Care and Use Committee 
approved animal care and experimental procedures. Twelve multiparous Jersey cows 95 
± 7.3 DIM were sourced from a commercial diary. Sample size was based on previous 
work at the University of Nebraska-Lincoln (Reynolds et al., 2019b). Cows were housed 
in individual tie stalls in a climate-controlled environment (20º C) at the University of 
Nebraska-Lincoln Dairy Metabolism Facility in the Animal Science Complex. Stalls 
were equipped with rubber mats and cows were milked at 0700 and 1800 h. All cows 
were less than 134 d pregnant at the end of the last experimental period thus fetal energy 
was assumed to be zero. (NRC, 2001) 
The experimental design was a triplicated 4x4 Latin square design balanced for 
carryover effects consisting of 4 periods of 28-d. In the experiment cows grouped by milk 
yield and were randomly assigned one of four TMRs. Treatment sequence was based on 
Kononoff and Hanford, 2006. The high protein corn milling coproduct (HPCoP) was 
sourced from Flint Hill Resources, Wichita, KS. Treatments were as follows: CRTL [0% 
HPCoP]; LCoP [2.6% HPCoP on DM basis]; MCoP [5.4% HPCoP on DM basis]; or 
HCoP [8% HPCoP on DM basis]. Two concentrate mixes were utilized in the study 
where concentrate mix one provided 0% HPCoP and the second provided 8% HPCoP. 
These two concentrate mixes were added in a ratio of 33.3% and 66.7% for the LCoP 
and 66.7% to 33.3% for MCoP. Both concentrate mixes were mixed at the University of 





were placed in the Calan Data Ranger (American Calan, Inc. Northwood, NH), mixed 
and fed at 0930 h. The target refusal rate was set at 5% for the 24 d adaptation period of 
each period. During the 4 d collection period cattle were fed at 100% of the prior week’s 
average intake to limit refusals. 
Sample collection and analysis 
Individual feed ingredients were sampled daily during collection periods and 
frozen at -20º C. All feed ingredients were dried at 60º C and were ground through a 
1mm screen. (Wiley Mill; Aurthur A. Thomas Co., Philadelphia, PA). A subsample of 
ground feed was sent to Cumberland Valley Analytical Services Inc. (Waynesboro, PA) 
for analysis of DM (method 930.15, AOAC, 2000), CP (method 990.03, AOAC, 2000), 
nitrogen (Leco FP-528 Nitrogen Combustion Analyzer. Leco, 3000 Lakeview Avenue, 
St. Joseph, MI 49085), soluble CP (Krishnamoorthy et al. 1982) ADICP and NDICP 
(Leco FP-528 Nitrogen Combustion Analyzer. Leco, 3000 Lakeview Avenue, St. Joseph, 
MI 49085), ADF (method 973.18, AOAC, 2000), NDF with sodium sulfite and α 
amylase corrected for ash contamination (aNDFom) (Van Soest et al., 1991) , Lignin 
(Goering and Van Soest 1970), EE (method 2003.05 AOAC, 2000) sugar (Hall, 2009), 
starch (Hall 2009), ash (method 942.05, AOAC, 2000), minerals (method 985.01, AOAC, 
2000), fatty acids (Sukhija and Palmquist, 1988). Feed samples were also analyzed for 
gross energy (GE) content (Parr 6400 Calorimeter, Moline, IL). The chemical 
composition of the diets and feed ingredients is listed in table 3.1. Total mixed rations 
were sampled on d 1 of each collection period and used to determine particle size using 
the Penn State particle separator on an (Kononoff and Heinrichs, 2002) as is and DM 





composited on a weight basis. Refusals were analyzed for DM, CP, NDF, aNDFom, 
starch, ash, fatty acids, and GE vias the same methods as feeds. 
Total fecal and urine output was collected from each individual cow during the 
collection period for 4 consecutive d. A 137× 76 cm mat was placed behind the cow to 
aid in fecal collection. Feces were manually collected by personnel during defecation or 
occasionally were picked up from the rubber mat and deposited into a trach can ( 
Rubbermaind). Then a trash bag was placed on the top of the trash can to minimize 
nitrogen volatilization of the feces. Daily feces were subsampled (~500 g as-is), 
composited on a weight basis and frozen between collection events. After collections, 
feces were dried at 60ºC for 48 h and ground to pass through a 1-mm screen (Wiley Mill; 
Aurthur A. Thomas Co.). The ground feces were analyzed as described for refusals. Total 
urine was collected by inserting a 30 French Foley catheter into each cow’s bladder with 
a stylus. The balloon was inflated to 55mL with physiological saline. The catheter was 
drained into a 55-L plastic container via Tygon tubing (Saint Gobain, La Defense). Acid 
(50% HCl) was added to the urine collection container at the beginning of the collection 
d. Urine pH was measured at the end of each d and the quantity of acid was adjusted to 
maintain a urinary pH of < 5. Urine was subsampled daily and composited on a wet-
weight basis. Urine samples were frozen (-20º C) until analysis for GE. Urine GE was 
determined by drying (60º C) 4 mL of sample in a bomb capsule and allowed to dry until 
tacky (4 h) then combusted (Parr 6400 Calorimeter). Urine subsamples were sent to 
Cumberland Valley Analytical Services Inc. (Waynesboro, PA) for analysis of nitrogen 





Milk production was measured daily, and milk samples were collected during the 
morning and evening milking of collection periods. Milk from individual milking events 
were preserved with 2-bromo-2-nitropropane-1,3 diol and sent to Heart of America 
DHIA (Kasnsas City, MO) Milk samples were analyzed for fat, protein, lactose, SNF, 
MUN and SCC using Bentley FTS/FCM Infrared Analyzer (Bentley Instruments). 
Additionally, milk from each milking event was composited on a weight basis. 
Composited milk samples were analyzed for nitrogen and fatty acids as previously 
described. Cows were weighed, before feeding on the first and last day of each collection 
period.  
Heat production was determined through the headbox-type indirect calorimeters 
as described previously (Freetly et al., 2006; Foth et al., 2015). For each cow, a collection 
period of 23-h was used to measure O2 consumption and CO2 and CH4 production. Gas 
data were adjusted to a 24-h period. Four headboxes were used and data were collected 
across 3-d during the 4-d collection period. Cows were adapted to headboxes for a 
minimum for 3 d prior to the start of the experiment. Feed was placed in the bottom of 
the headbox and cows were allowed ad libitum access to water from a water bowl placed 
inside the headbox. Free water intake was measured using a water meter (Model 
DLJSJ75, Daniel L. Jerman Co.) while each cow was inside the headbox. Within the 
headbox, temperature and dew point were measured every minute during the 23-h 
collection interval using a probe (Model TRH-100, Pace Scientific Inc.) and recorded 
using a data logger (Model XR440, Pace Scientific Inc.). Line pressure was measured 
using a u-tube manometer (Item # 1221–8, Park Supply of America, Inc.) and barometric 





volume of gas flow through the headbox was measured using a gas meter (MCW 
Whisper, Alicat Scientific) and corrected to standard temperature and pressure (0ºC, 
101.3 kPa) with adjustment for moisture content of exhaust air (Nienaber and Maddy, 
1985). From the headbox, continuous samples of incoming and outgoing air were 
collected into separate bags (44 L, LAM-JAPCON-NSE; Pollution Measurement Corp.) 
using glass tube rotameters (Model 1350E Sho-Rate “50,” Brooks Instruments). Gas bags 
were analyzed for O2, CO2 and CH4 using an Emerson X-stream 3-channel analyzer 
(Solon, OH) according to the method of  Nienaber and  Maddy, 1985. System efficiency 
(head box and gas analyzer) was determined by burning 100% ethyl alcohol and 
measuring gas recoveries. Recoveries of O2 and CO2 were (average ± SD) 101 ± 1.1 and 
99 ± 1.3%, respectively. Gas measurements were adjusted to 100% using recoveries for 
individual headboxes. Heat production was estimated as follows. (Brouwer, 1965): 
Heat production (HP, kcal/d) = 3.866 × O2 (L/d) + 1.200 × CO2 (L/d) – 0.518 × CH4 (L/d) 
–1.431 × Urinary nitrogen excretion (g/d)                                                                                    
Energy Calculations 
The respiratory quotient (RQ) was calculated using the ratio of carbon dioxide 
produced to oxygen consumed (L/L). Methane energy was estimated by multiplying CH4 
production by its enthalpy (9.45 kcal/L). Calculations to estimate digested energy (DE) 
and ME were as follows:  
DE (Mcal/d) = GE (Mcal/d) – fecal energy (Mcal/d)   [1] 
ME (Mcal/d) = DE (Mcal/d) – urine energy (Mcal/d) – methane energy (Mcal/d) [2] 
Unaccounted for energy was assumed to represent tissue energy retention or 





Tissue energy (Mcal/d) = ME (Mcal/d) – heat production (Mcal/d) – milk energy 
(Mcal/d)   [3] 
Adjusted tissue energy (TE; Mcal of NEL/d) = positive residual energy × kL/kG or 
negative residual energy × kT  [4] 
Where kT is the efficiency of utilizing body reserve energy for milk production, kG 
is the efficiency of utilizing ME intake for tissue gain (Moe et al., 1970). Values of 0.66 
and 0.74, and 0.89  were used for kL, kG, and  kT respectively (Moraes et al., 2015).  
Net energy of lactation (NEL; Mcal/d) = 0.08 × BW0.75+ Milk E (Mcal/d) + adjusted TE 
(Mcal of NEL/d)                                                                                                                [5]                
Statistical Analysis 
The UNIVARIATE procedure of SAS (9.4) was used to determine outliers from 
the data set. An outlier was determined if an observation was greater than 2.5 standard 
deviations from the mean of milk production and DMI. The result of the outlier test 
indicated one DMI outlier cow number 4842 during the first period. This animal had a dry 
matter intake of 13.60 kg/d which was 2.72 standard deviations away from the mean DMI 
of 19.77 kg/d. The animal displayed signs of mastitis however no treatment was applied. 
As a result of the statistical analysis the observation from this animal was removed prior to 
statistical analysis.  
Data were analyzed in SAS (9.4). The model include fixed effect of treatment and 
the random effect of period, square and cow nested in square. A type III analysis of variance 
with Kenward-Rodger’s denominator degrees of freedom was complete using the PROC 
































APPENDIX L: IN VITRO SYTEM PARTS 









Matheson CO2 Tank CD 50 1 $6.37 Nebraska 
EShop 
Matheson CO2 Table 
Mount 









26650 36 $276 (12 for $92) Nebraska 
EShop 
Two Hole #6 Rubber 
Stoppers 




1/4 Inch Check Valve Eurob-0514-1133-
1 
36 $131.89 (4 per 
pack @ 11.99) 
Amazon 
1/4 OD 1/8 ID Micro 
fuel Line 




1/8" Nylon Hose Barb 
Splicer 




1/8" Nylon Hose Barb 
TEE 




Resazurin 418900050 1 $74.30 Nebraska 
EShop 
3/4" Pex Manifold 
with Valve 

























APPENDIX N: IN VITRO SYTEM PROTOCOL 
In Vitro Protocol- 10/13/2021 
 
24 prior to fermentation:  
• Remove shaking platform from bath and set to the side. 
• Fill water bath to blue sharpie line with deionized water. 
• Turn water bath on to warm to 39 degrees C 12-24 hours in advance of desired 
fermentation start time. 
o Press the  to start. 
o Press the  and then the down arrow to slow the water bath to zero rpm 
and press enter. 
Calculations: 
• Calculate the number of runs 
o (Number of samples × 3 (triplicate) × Number of time points)/33 = runs 
o 33 = number of flasks available for sample fermentation 
o Round runs up to the next whole number. 
 Ex: (10 samples × 3 × 4 timepoints)/33 = 3.63 runs 
• 4 runs will be needed. 
• Calculate the amount of buffer needed. 
o Each sample will need 40 mL of buffer + 310mL of extra  
 EX: 36 Flasks = 40mL × 36= 1.44L + 310mL = 1.75 L 
• Calculate urea inclusion. 
o Add 1 gram of urea per L of buffer used and stir into buffer 
 EX: 1.75 L buffer = 1.75 g Urea 
• Calculate the rumen fluid needed. 
o You will need 10mL per flask and it is best to add 100mL extra. The total 






 Ex: 36 Flasks = 10ml × 36= 360mL + 100mL= 460mL 
 460mL/2=230mL 
• 230 mL Cow 1 
• 230 mL Cow 2 
Materials: 
• Buffer: 
o McDougal’s Buffer (calculated) 
o Urea (calculated) 
o 500mL Beaker 
o 4 L Beaker 
o 100 mL Graduated Cylinder 
o 10-100 microliter pipette 
o 10-100 microliter pipette tip 
o Resazurin solution (0.1% wt/vol, 50 μL per flask) 
 
• Rumen Fluid collection: 
o Collection thermos filled with warm H2O in the lab 
o 1 Square of cheese cloth folded to 4 layers 
o 1 Large Plastic graduated cylinder from the metabolism area 
o 1 Metal funnel from metabolism area 
• Flask Inoculation: 
o 1000 mL Separatory funnel 
o #6 rubber stopper 





o 500mL beaker 
o 30 mL syringe 
Sample Preparation: 
• Weigh out .5000-.5010g of sample that has been ground through a 1mm Wiley 
Mill screen. 
• Order the flasks on the shaking platform based on desired run set up. 
 
• Place the sample in a designated flask. 
• Once all flasks are filled with sample set the platform to the side. 
 
Buffer Prep: 
• Obtain McDougal’s buffer in beaker from outside lab refrigerators. 
• Stir urea into buffer and situate the 4 L Beaker in 39 degree C water bath for 3 
hours. 
o Cover top of beaker with tin foil. 
o Stir occasionally to fully incorporate the urea. 
• After 3 hours have passed use a 100 mL graduated cylinder and pour 40 ml of 
buffer in each flask. 






• Place shaking platform in water bath and adjust water levels to the upper marked 
line. 
• Push stoppers into each flask and turn on the CO2 tank.  
o Do not touch the settings on the regulator, just open the tank. 
o Check the tank to make sure you have 500 Psi available in tank, that will 
get you through an NDF 240 run. 







• Allow beakers with feed to reduce for 2 hours prior to inoculation. 
 
Rumen Fluid Collection: 
• Take thermos containing warm H2O to the dairy, on your way grab the metal 
funnel and large plastic graduated cylinder from the metabolism area. 
• Once in the dairy cut and fold a piece of cheese cloth so you strain the rumen 
contents through four layers. 
• Use two cows fitted with a rumen cannula from the dairy. 
o Open cannula and grab handful samples from front, middle and back of 
the rumen at random getting both mat layer and fluid layer.  
o Place contents in cheesecloth and squeeze until all fluid is released, 
continue to grab samples until you have reached 50% of the needed rumen 
fluid. 
o Return rumen fiber back into the rumen and seal the cannula. 






• Dump the warm water out of the thermos and fill the thermos with the rumen 
fluid. 
• Return to the lab quickly, inoculation should be finished within 30 minutes of 
collection to keep microorganisms alive. 
 
 
Back in the lab: 
• Funnel the rumen fluid into a separatory funnel and submerge all but the stopper 
in a 39 degree C water bath. 
• Allow the rumen fluid to separate for 5 minutes or until there is a distinct layer 
between the aqueous and fiber layer. (within 30-minute window). 
• After separation has occurred release fluid into a 500 mL beaker and utilize a 
50mL graduated cylinder and remove 10mL of fluid and distribute it quickly into 
flasks in a random order. 
o Check to see that flasks have gone from blue to the normal color of rumen 









• Once all flasks are inoculated record start time. 
o Press the  and then the up arrow to 45 rpm and press enter. 
• Record the start time.  
• Take out flasks at designated time points and freeze them. 
For NDFD- Follow UNL Protocol for NDF procedure 
Indicator added, 
reducing begins to 
achieve anaerobic 
environment. 
Buffer reduced + Rumen 
fluid added. Anaerobic 
environment achieved. 
Oxygen present. 





APPENDIX O: ANIMAL HEADBOX TRAINING PROTOCOL 
New cow training protocol: 
1. Allow cows to adapt to surroundings for one week prior to beginning of headbox 
training. 
2. Set up training schedule. Animals should begin training at least 3 weeks prior to 
the first period. To be enrolled in the experiment animals must show comfort in 
the headbox for a 24-hour period. 
a. Training at the minimum must include:  
i. First day training: 8 hours within headbox.  
ii. Second: 24 hours within headbox. 
3. Animals who demonstrate “comfort” during the 24-hour measurement may be 
enrolled in the experiment. 
4. Indicators of comfort include: 
a. Ability to lie down and stand comfortably 
b. Ability to consume water  
c. Consumption of 80% of allotted daily TMR while within headbox for 24 
hours 
5. Animals who do not meet the criteria will need to be subjected to more training 
until the criteria is met. 
After the first period of experiment: 
1. The lead of the experiment will examine the data from the collection period. 
2. If animals regress and no longer meet one or more of the comfort criteria more 










APPENDIX P: FINAL DEFENSE PRESENTATION
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